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PREFACE. 


Se amkoaeemeel 


THE material which I have here brought together 
will be of interest mainly to those persons who take 
a special delight in meteorology but who have little 
access to original sources of information ; among 
this class are the great majority of the small army 
of Meteorological Observers and many teachers of 
physical geography and general physics. The 
general reader may find it partly supplementary to 
such works as Scott’s Jeteorology, Abercromby’s 
Weather, or the articles in the Eucyclopedia Britannica. 

Living at a distance of several hundred miles from 
any considerable meteorological library, it was im- 
possible for me to consult many original authoritics 
and to give a complete uistorical treatment of the 
vatious subjects; and it must be remarked that, 
as I have been mainly a student of what may te 
termed the German school of Meteorology, I pro- 
bably have not brought into sufficient notice the 
names and work of French, English, and Italian 
meteorologists; recognising this, I have tried not to 
bring prominently forward names in those conncc- 
tions where justice to others would probably require 
mention of their names also, It may be added that 
the various lines of meteorology have been so rapidly 
developed within the past decade or two, that a com- 
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prehensive treatment of any one of the half a dozen 
divisions of the subject which are brought into notice 
here would have required a volume longer than the 
present: so that variety of topics is obtained only at 
the expense of the completeness of detail which is 
necessary to render the treatment of a subject gene- 
rally interesting. 

The main object of this little book is to bring the 
reader into closer contact with the work which has 
been and is actually engaging the attention of work- 
ing meteorologists rather than to present finished 
results. 

Chapter I. is mainly devoted to the mention of 
some of the principal sources of information con- 
cerning the recent progress in meteorological science. 

Chapter IJ. contains a history and description of 
some important meteorological instruments and the 
methods of using them. In the preparation of this 
chapter the freest use has been made of Professor 
Abbe’s treatise on Meteorological Apparatus and 
Methods (printed by the U.S. Signal Service). In the 
section on thermometers I would have made a 
more extended use of Guillaume’s Thermométrie 
if it had been available at the time of writing. 
As there is no work published in English which 
gives an adequate description of meteorological 
instruments, I have given more prominence to this 
topic than would otherwise be warrantable; the 
subjects of thermometers, barometers, and wind- 
measuting instruments receiving the most attention. 
In fact, the relatively large amount of space devoted 
to these has compelled me to make but a brief 
mention or omit altogether other less common 
instruments, The illustrations of observatories wif 
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serve to show that while meteorology may not have 
reachedethe dignified position occupied by astronomy, 
yet these evidences of its stability indicate the firm 
foothold it has obtained among state- subsidised 
sciences. Special attention is called to the details 
of equipment and routine of the Pawlowsk (Russia) 
‘Observatory, which are available through the courtesy 
of Director Wild and Di. Leyst. I know of no 
similar published account of the work of an obser- 
vatory. 

Chapter III. is mainly made up of an abstract of 
the important memoirs on Thermodynamics of the 
Atmosphere, recently communicated to the Berlin 
Academy of Sciences by Professor von Bezold. I 
consider his ideas of the greatest importance in the 
development of atmospheric mechanics and the study 
of atmospheric conditions. It is improbable that 
von Bezold’s ideas will creep into elementary 
English text-books for a number of years to come, 
and so the necessity for their presentation here 
seemed the more pressing, although it may require 
more time than the average reader will give in order 
to understand portions of the reasoning. I have 
endeavoured to follow closcly von Bezold’s own 
presentation of the subject. 

Chapter [V. contains a partial outline of the history 
of the development of theories of the general atmo- 
spheric circulation, with a brief statement of 
Professor Ferrel’s completed theory and an account 
of some recent contributions to the subject by 
Maller, Oberbeck, von Siemens, and von Helmholtz, 
In these also I have followed closely the tcxt of the 
authors named, so far as I have presented their ideas. 
~ Chapter V. is devoted to a historical sketch and 
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partial explanation of the secondary atmospheric 
circulation to which the local character of winds can 
usually be referred—at least in the middle latitudes. 
Special attention is called to the attempt of von 
Bezold to unite the older and tiewer theories, as 
explained in his communication to the Berlin 
Academy of Science; and the results of his study 
occupy a considerable portion of the present 
chapter. : 

Chapter VI. contains some of the principal results 
obtained by Dr. Briickner in his recent discussion of 
the results of meteorological observations from the 
time of their commencement to the present time. 
The points mainly dwelt on are the long-period 
oscillations of climatic factors. The second part of 
the chapter, which treats of the application of meteor- 
ology to agriculture, I have been permitted by the 
Assistant Secretary of Agriculture to abstract from 
an unpublished essay prepared by me for the Depart- 
ment of Agriculture, U.S.A. 

I wish to express my thanks to the various authors 
and publishers who have permitted the use of their 
illustrations; due credit®is given in the proper 
place. I am indebted to Professor Wild for the 
photograph of the Pawlowsk Observatory, and to 
Professor Whipple for the photographs of the Kew 
Observatory and apparatus. 

In closing I must not omit to make mention of the 
substantial assistance rendered by my wife in the 
preparation of this book. 


FRANK WALDO. 


Princeton, Nrw Jersey, U.S.A, 
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MODERN METEOROLOGY. 





CHAPTER I. 


SOURCES OF MODERN METEOROLOGY. 
§ 1.—Development. 


N giving an idea of the present status of the 

science of meteorology it would be best to trace 
its general growth from the condition in which we 
find it about the year 1860. At this peiiod many 
of the new departuies which have aided im the 
wonderful progress of the past two or three decades 
originated, although most ofethe impoitant work has 
been accomplished within the last twenty years, 
Fertel’s pioneer papers (1856-58-59) on the theory 
of atmospheric motions had been written, and the 
important law of Buys Ballot? concerning the wind’s 
direction discovered, just before 1860; and Schoch 
had worked out the application of spherical functions 
to the representation of the mean temperature over 
the surface of the earth (1856). Le Verrier had 
begun to issue the reports of simultancous meteor- 


? Erman had anived at a conclusion simila to this some years 
eather (Pageendorf's Annalen, laxxviu.), 
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ological observations in the Bulletin International de 
2’ Observatoire (1886). Welsh had mounted 2 normal 
barometer at the Kew Observatory (1856), which was 
the first instrument, of other than ordinary construc- 
tion, set up to serve as a standard of reference for 
other barometers intended for use in observatories. 
Regnault’s normal barometer, constructed ten years 
earlier, had been mainly for laboratory use, 

These and many more innovations had been made 
before the publication of Schmid’s great work on 
meteorology, but their importance was not yet felt, 
and so they remained unmentioned by him. This 
special mention is made of Schmid’s Meteorologie 
(Leipzig, 1869), because in this one volume the author 
brought together the main facts of meteorological 
science as they were accepted by most of the 
scientists of that period. The volume occupied seven 
years in the making, and is a veritable treasury of 
facts and references. While it is not so original 
as Kaemtz’s Meteorologie, published twenty-five years 
earlier, yet it is far more valuable as a work of 
reference. In fact, the publication of Schmid’s book 
makes the year 1860 a véry definite epoch in meteor- 
ological history. Buchan’s Handy Book of Meteorology, 
published a few years later (1867), presents very 
strongly the new tendency of meteorological investi- 
gation, and perhaps it may be regarded as the first 
of the modern treatises which have since appeared at 
short intervals. 

Government meteorolopical organisations established. 
—The modern rapid development of meteorology 
has been due to the usefulness of meteorological data 
in practical life rather than to a desire on the part of 
its supporters to encourage a study of it as a science, 
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Without government support of meteorological work 
as a sephrate department, the rapid growth of the past 
twenty years would have been impossible. Shortly 
after the period (1860) which has just been mentioned, 
the different governments began to establish metcor- 
ological organisations which had no direct depend- - 
ence on other institutions, and which could thus be 
dealt with in a manner not possible so long as they 
were merely appendages to some other organisations. 
There were then few specialists in meteorology, for 
there had, been scarcely any positions in which the 
incumbents were permitted to devote their whole 
time to this one department of science; but the aid 
derived from the State has allowed the enlistment of 
investigators of the best abilities in the cause of- 
meteorological science. 

Introduction of dynamical methods—Not only was 
new life infused into meteorological work by the 
increased support which it received, but new methods 
were introduced. The older method of investigation 
has been termed the statistical, and the new depar- 
ture the dynamical method. The Jatter has not 
displaced the former, but “it is made accessory to 
it. By the old method, data were accumulated and 
discussed singly, and certain facts were deduced ; by 
the new they are examined in the aggregate, and the 
relation of these facts worked out both as to cause 
and progressive development. Notwithstanding the 
fact that there are certain general characteristics of 
weather and climate which are brought to light by 
the discussion of observations extending over long 
periods of time, yet the great variability and ‘rapid 
succession of changes of weather conditions show that 
if we will investigate their cause, it must be looked 
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for in immediate connection with the event. By the 
older methods this was attempted by consid@ring the 
time-relation merely, but the new meteorology shows 
that we must also take into account the space-distri- 
bution, both geographically and, to a relatively small 
- amount, also in altitude. 

Sub-depariments of meteorological organisation.— 
While the meteorological services of different coun- 
tries do not present the same characteristics in the 
details of organisation, yet there is a normal plan of 
organisation which, to a certain extent, fits them all. 
The service controlled by the -general government 
consists of a central office and outlying observing 
stations managed by a scientific director, who has 
several assistants having immediate charge of the 
various departments into which the work is, for con- 
venience, sub-divided. These assistants are, or soon 

“become, specialists in their line of work, and perform 
their duties or have their headquarters at the central 
office, These sub-departments may be named nearly 
as follows: Supervision of Observing Stations ; Cli- 
matology; Weather Predictions, Storm Warnings, 
and Summaries of Curfént Weather; Management 
of the Central Observatory; Care of the Standard 
Instruments, and verification of Instruments to be 
used at the various observing stations; and, in some 
cases, Maritime Meteorology. 

Establishment of stations of @ifferent classes.——In 
the larger organisations these assistants have a force 
of computers or observers to assist them in their work, 
The central meteorological observatory is of the first 
class; that is, observations of the chief elements are 
made every hour, or self-registering instruments are 
in operation, A. detailed account of the work of this 
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central office is given in another chapter. The out- 
lying oserving stations may be classified as follows : 

Additional, but less completely equipped and 
manned, stations of the first class. 

Second-class stations, at which the barometric pres? 
sure, temperature, rainfall, humidity, wind (direction 
and force), and cloudiness are observed ‘twice or thrice 
daily, and miscellaneous observations are also made, 
such as thunder-storms, frosts, hail, &c. ; these stations 
are distributed over the country as uniformly as may 

_ be convenient, and are in charge of skilled observers, 
who, if they are not already employed by the govern- 
ment, usually receive pay for their services, 

Third-class stations are those at which temperature, 
precipitation, and some miscellaneous observations 
are made, The observers are usually peisons who, 
for different reasons, are sufficiently interested in 
meteorology to be willing to make and record two or 
three observations at stated times daily, but who are 
at liberty to discontinue the work at any time, as it is 
entirely voluntary. : 

Special stations for the observation of rainfall and 
thunder-storms have also become numerous in most 
countries, and they are likewise conducted by a 
volunteer corps of observers. 

All of these observers send copies of their records 
to the central office, usually at intervals of a month, 
where the observations are made use of by the proper 
departments, In cases, however, where the obser- 
vations are required for use in making weather 
predictions, they are telegraphed to the central office 
with little delay. 
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§ 2.—Meteorological Publications. 


Professional papers While the smaller meteoro- 
logical services have usually had to be content 
with publishing meiely the bi- or tri-daily instru- 
mental readings or the averages of the observations 
made under their control, nearly all of the 
larger or national seivices have given us addi- 
tional publications. The most important of these 
are the volumes of memoirs, in which the meteor- 
ologists of the service, usually of the staff at the 
central office, work up the observations which have 
been made by the service and which in many cases 
can be used only by peisons having access to the 
archives in which are stored the records of individual 
observations. Some of the seivices aie provided with 
the means of still further usefulness, which permit 
these professional papers to include discussions of 
methods and results in general; these often involve 
long-continued experiments, or the gathering together 
of material obtained from various parts of the globe. 
Such memoirs were of necessity formerly infrequent, 
because the investigators were obliged to publish their 
work mostly in scatte:ed transactions, wheie only a 
limited amount of space could be assigned for the use 
of any one science, and where, as in the case of 
journal publications, numerical tables and expensive 
illustrations and charts aie not inserted unless of 
great value, 

The Indian Jeteorological Memoirs, the French 
Annales du Bureau Central Météorologique de France, 
the Italian Amnali dell’ Officio Centrale di Meteor. 
italiana, the German Aus dem Archiv der Deutschen 
Seewarte, the Abhaudlungen ad. Kon. Preusstschen 
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Meteor. Instituts, the Professional Papers (formerly 
issued) gnd Annual Reports of the United States 
Weather Bureau, the Argentine Annales de la Oficina 
Meteorologica Argentina, and the Russian Repertorium 
Jur Meteorologie (sometimes called Wild's Reper- 
tovium), are the chief examples of this class of publi- 
cations. The Russian Refertorium fir Meteorologie 
outranks the others, especially as regards the number 
of papers and the variety of topics treated. 

Monthly Weather Reports—The monthly division 
of time has, been the plan usually followed in the 
presentation of meteorological data, but it was not 
until after the establishment of Weather Services that 
the need was felt for the frequent publication of these 
data. 

The immediate use of observations for weather 
predicting, the increasing demand of the public for 
information in regard to current weather conditions 
for practical applications, the study of the courses of 
storms which could be followed for only a few days 
at the utmost, the greatly increased number of ob- 
serving stations, which made the mass of data too 
bulky to manipulate prop¢rly if left to accumulate 
until the end of the year, the more gencral apprecia- 
tion of the fact that short periods of time had dis- 
tinctive characteristics in the seasonal changes of the 
year, and the impatience of the users of meteorological 
data, who ordinarily had to wait a couple of years 
or more after they were recoided before they could 
receive them in tabulated form, all combined to neces- 
sitate the publication of this data at frequent intervals. 

The month was chosen as a proper subdivision on 
account of its convenience, It was no simple matter 
to decide on just the form this new mode of publica- 
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‘tion should take, as it was to be merely accessory 
to the usual annual vésaumé of obseivatiens, The 
Monthly Weather Review of the United States Signal 
Service at Washington (established 1872) was the 
first? of these publications as now issued, covering 
a great extent of territory ; and its original form was, 
I belicve, due to Professor Cleveland Abbe, although 
its more recent extension has been carried out under 
the guidance of Lieutenant Dunwoody, While this 
publication has served in a great measure as a pattern 
for similar ones in Europe, yet it gives far more in- 
formation than any of them, containing, as it does 
(for instance, August, 1891), the results obtained from a 
discussion of reports for the month from 2,575 regular 
and voluntary observers, and covering not only the 
United States, but Canada and a portion of the At- 
lantic Ocean. The monthly averages of temperature 
and precipitation are given for about 2,000 observing 
stations in the United States; and averages for all 
of the usual meteorological elements for about 160 
stations, A special feature of this Weather Review 
is the report concerning the passage of areas of high 
aud low atmospheric pressure across the United 
States and a portion of the Atlantic Ocean. The 
chaits showing the course taken by storms, and the 
distribution of atmospheric pressure, temperature, 
rainfall, and winds for the month, are of great 
scientific and piactical value. 

The monthly report of the Deutsche Seewarte, at 
IJamburg, is the most important European publication 
of this class, It was at first prepared by Dr. Képpen, 
but afterwards by Dr. van Bebber, who still has it 


t Monthly reporls had been previously published for single stations 
and limited areas, 
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in charge. At first this report stood alone, on the 
Continent, but the gradual introduction of the 
system of a monthly publication of local weather 
characteristics into many of the other weather 
services, has caused Director Neumayer of the 
Seewarte to give the Review more of an inter- 
national character. So that now it is not published 
for several months after the observations are made, 
and it contains a record of the storm-tiacks and 
weather for the North Atlantic Ocean, as well as 
Europe. These two monthly Weather Reviews cover 
the whole region from the west coast of North America 
to the eastern boundary of Europes It is not neces- 
sary to enter into an explanation of the purely 
tabular publications. 

General Treatises,—Those students of meteorology 
who were obliged to acquire their knowledge at first- 
hand, that is, from the original sources, must be some- 
what envious of the facilities now offered for a rapid 
survey of what has been accomplished in various 
directions. For a time all the compilations which 
were published after 1860 were of the school-book 
type, and this continued euntil Blanford’s Judian 
Meteorologists Vade-Mecum appeared in 1876-77. 
This is the first of the treatiscs which introduce 
us to some of the ideas of the modern school of 
dynamical meteorology. Its publication in India, 
together with its considerable cost, deprived the book 
of a wide circulation, and it has not, outside of 
India, accomplished the good which it was capable 
of doing; it was, for many years, undoubtedly the 
best treatise on modern meteorology in any language. 

* Each publication may be obtained at an annual subscription of six 
shillings, 
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Blanford’s book was but the forerunner of the im- 
portant compilations which began to apgear some 
years Jater. Foremost of these came Hann’s Clima- 
tologie in 1883. This most excellent work gives an 
account of the climatic factors in general, and then 
gives the special features of the climate of all parts 
of the globe, and the causes which produce them. 
Few tables of data are given, as it has been the 
author’s object to trace out the philosophy of the 
climatic conditions in a way which will attract the 
geneial reader. This book was the natural outcome 
of the frequent contribution of tables of climatic data - 
given in the Oster. Zevwtschrift fiir Meteoralogie during 
a period of nearly twenty years, Next there appeared 
in Germany Sprung’s Lehrbuch der Meteorologie, in 
1885, in which the author has confined himself mainly 
to the discussion of actual atmospheric occurences, 
and has sought to explain these by means of physical- 
mechanical laws. He has, indeed, added an appendix 
on the subject of the registration of meteorological 
phenomena; but this is suggestive, rather than an 
account of apparatus in common use. Sprung has 
first of all explained the principal mechanical and 
physical laws, which are then used as a basis for sub- 
sequent development of the theories concerning the 
statics and dynamics of the atmosphere. His is the 
only attempt which has been made to fit together 
the various theories of the atmospheric motions, the 
history of which subject is traced in another chapter. 
This is the main feature of the book, although the 
latest views on other topics, such as the influcnce of 
solar radiation, the daily period and the variability of 
the meteorological elements, are also given. The book 
is well adapted for university instruction and for study 
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by professional meteorologists ; but most of it cannot 
be comprqhended by the casual reader, 

In 1884, van Bebber, of the Dewtsche Seewarte, 
published Part I. of his book on Watterungskunde. 
This, together with Part IT., published a year or two 
later, forms a compendium of what has been done from 
the earliest times in the matter of investigating the 
cause of weather changes. The various questions, 
varying in degree from the proverbs of folk-lore to the 
modern systems of weather-maps and forecastirig of 
weather, based- on the telegraphic transmission of 
observations made thousands of miles distant, are all 
discussed in a historic as well as scientific manner. 
While the work is of the greatest value to students of 
meteorology, who will fora long time to come go to 
it as a storehouse of knowledge on this special subject, 
yet the author has, by the fulness of his text, made it 
of popular interest as well. 

Ferrel’s book on Recent Advances in Meteorology 
(1885) next appeared, and it differs in one respect 
from the other works here mentioned, in the fact that 
it was published entirely under Government auspices. 
It has, therefore, not been gbtainable by purchase ; 
and its circulation has not depended on its Impor tance, 
but upon the will of the chief of the United States 
Signal Service at Washington. Naturally, few persons 
except those on the “exchange list” of this depart- 
ment have been able to obtain a copy. This work 
was prepared for professional use, and while portions 
of it could be understood by the general reader, the 
difficulty in reading it as a whole is such, that its in- 
accessibility to the public is not so much to be de- 
plored as would have been the case had it been 
written more popularly. Its chief value is that we 
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find given in a single volume of moderate compass, 
and in a connected manner, the most gimportant 
results of the author's thirty years’ labour in the field 
of meteorology. 

The fact that most of our meteorological publica- 
tions are weak in the department of apparatus, and 
also that many, perhaps most, of the descriptions of 
original inventions and improvements have been 
published in scattered journals, proceedings, and 
reports, made it desirable that a comprehensive 
account of them should be given in a single volume. 
This was in a large measure accomplished by Abbe’s 
Treatise on Meteorological Apparatus and Methods 
(Washington, 1888), which was prepared and pub- 
lished at the expense of the United States Govern- 
ment, and gives us not only a historical sketch of 
the development of the subject, but also shows its 
condition at the present time. He has given special 
attention to the theory of the principal instruments, 
and we find reproduced about everything of impoit- 
ance that has been done in this line of investigation. 
The numerous illustrations form an especially valu- 
able feature of the work, which has been rendered as 
complete as possible, Having access to the great 
collections of books which have been gathered to- 
gether at Washington, and having as a source of 
guidance the manuscript catalogue of meteorological 
literature which has been accumulated at the 
Washington Metcorological Office, mainly by the 
international co-operation of some itdividual meteor- 
ologisis with the hope of its speedy publication, the 
author enjoyed facilities not elsewhere obtainable 
for rendeiing his work exhaustively complete. While 
the diagiams and descriptions of instruments which 
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are given will interest all who are students of meteor; 
ology to oly a limited degree, yet the main importance 
of the work is to the professional meteorologist, who 
will find the need of a mathematical training in order 
to read it. . 

Woeikoff’s work: on Climatology (Die Klimate der 
Erde, 1887) must also be mentioned in this list, for 
in it he has given us an excellent picture of climatic 
conditions and their effects as vicwed by a physical 
geographer. Portions of the book are, indeed, some- 
what similar to Hann’s work, mentioned above ; but 
its main value is the general climatic relations which 
it gives, rather than the climate of any special places, 
so that it is largely supplementary to ITann’s C/isma- 
tologie. 

Recognising the difficulty not only in reading, but 
also in obtaining his above-mentioned work, Professor 
Ferrel has written out in a popular manner his theo- 
ries of atmospheric motions and their attendant 
phenomena, and has also given a careful comparison 
of these theories with the observed facts. While this 
book, which bears the title, A Popular Treatise on 
the Winds (New York, 1889), is by no means light 
reading, yet mathematical analysis has been so far 
omitted that only an elementary knowledge of algebra 
and trigonometry are requisite for comprehending it, 
and it is certainly the most complete statement of the 
subject that has yet been made. 

Blanford has presented some of the results of his 
many years’ labour in India in his book on the 
Climates and Weather of Judia (London, 1889); and 
while it is, as a work on local climatology, at present 
of more value to the English people than any other, 
yet the majority of meteorologists, who have no 
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epportunity of seeing the original Indian Mcteor- 
ological Memoirs, have welcomed this iflexpensive 
summary of the important contributions made by 
English meteorologists in a region which presents 
the most diverse field of topographic and climatic 
characteristics of any limited region on the earth’s 
surface. 

I must also mention the German memoirs re- 
cently published in Penck’s Geographical Se1ies at 
Vienna: Luftdruck in Europa, by Hann; Kéima- 
schwankungen, by Bruckner; and Schneedecke, by 
Woeikoff. 

The following partial list of recent popular works 
on meteorology is given: Marie Davy’s A7étéorologie 
Générale (Paris, 1877); Mohn’s Grundeige der Meteor- 
ologie (Berlin, 1883); Scott’s Hlementary Meteorology 
(London, 1890); van Bebber’s Lehrbuch der Meteor- 
ologie (Stuttgart, 1890); and the works on Weather, 
and Seas and Skies of Many Lands (London, 1888), 
by Abercromby ; and Asmerican Weather, by Greely 
(New York, 1888). On the subject of Weather Pre- 
dicting, van Bebber’s little book, Wettervorhersage 
(Stutigart, 1891), and Scott’s older book, Weather 
Charts and Storm Warnings (London, 1887), give 
quite full information. Mention must also be made 
of Hann’s Atlas der Meteorologie, which forms part 
of the last edition of Berghaus’ Physikal, Atlas. This 
work is composed of numerous charts, which are 
invaluable to the student of meteorology. 

There is still one general topic which remains to 
be written on, and this is the reduction and use 
of meteorological observations. There are many 
finished memoirs which may serve as patterns for 
the manipulation of special observations, such, for 
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instance, as Wild’s great works on the temperature 
and rainfaM of the Russian Empire, but if an observer 
wishes to know just what is the best thing to do with 
any particular series of observations, he is many 
times at a loss to find reliable guidance. Theic are 
throughout the world many thousand observers who 
are willing to take the pains to make regular observa- 
tions, which they usually reduce to monthly averages 
before handing them over to some central observatory 
where the averages may be published, but wheie the 
individual observations are consigned to the archives 
of the institution, there to lie buried and unused. 
There are perhaps a few score of men who have 
given in detail the best possible methods of investi- 
gating observations, and it is the combined know- 
ledge of these men that should be put into a 
volume accessible to all observers, so that each onc 
can work up his own observations in the most syste- 
matic way. Such a compendium would undoubtedly 
be the cause of the rapid completion of a detailed 
meteorological survey of all civilized lands, for it 
would multiply a hundred-fold the present working 
force of climatologists. 

Periodical Literature. — We usually make the 
periodical literature of a subject the measure of its 
condition and progress, and so this literature relating 
to meteorology requiies more than a passing mention. 
Our modern methods of work and research require 
a convenient channel for the timely interchange of 
ideas between specialists not only of the same 
country, but of different parts of the globe, But 
a subject cannot be specialized to the extent of sup- 
porting technical journals until it has reached a 
certain stage of cutting loose from the apron-string 
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of some mother-subject under whose wing it has 
been sheltered until able to stand alome. Thus 
meteorology was fostered by both astronomy and 
general physics, and the -earlier writings on 
meteorology are to be found mainly in the jour- 
nals nominally devoted to these two topics. There 
had been a number of attempts made to establish 
technical meteorological journals before the period 
of which I am now writing; but the lack of support 
had “rendered them of short life, a single exception 
being the Annuaire de la Société Méttorologique de 
France, which really dates from 1849. The func- 
tions of this journal have been to report the dis- 
cussions which have taken place at the local meet- 
ings of the society, and to promote the interests of, 
and report on the meteorology of France. This journal 
is, then, chiefly of interest to those who wish to know 
what French meteorologists are doing. I think 
that this localising tendency has prevented this 
monthly publication from exercising as great an 
influence as it ought on the general progiess of 
meteorology. 

In 1866 the Osterreichgschen Zettschrift fiir Meteor- 
ologte was established, and as the society which 
publishes it holds only annual meetings, it can be 
easily imagined that it bears little resemblance to the 
just-mentioned French journal, * The Austrian journal 
had a sepaiate existence for twenty years, when it 
was combined (1886) with the newly (1884) estab- 
lished German MJeteorologische Zeitschrif?, and is now 
published under the joint control of the Austrian and 
German societies. Dr. Hann and Dr. Hellmann, 
of Berlin (succecding Dr. Képpen, of Hamburg), 
Austrian and German meteorologists of world-wide 
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reputations, are the editors of this, the most im- 
portant gnd influential meteorological publication in 
existence, It has always been under an exceptionally 
able editorship, which has prevented worthless matter 
from appearing in its columns, although of course 
many contributions, especially of the earlier volumes, 
are seemingly unimportant as we look at them from 
the present position of meteorology, Dr. Hann was 
early associated with Dr. Jalinek in the publication 
of the first volumes, when the character of the journal 
was being formed, and when the former assumed the 
entire control, which he exercised during the years of 
the most rapid elevation of the level of meteorological 
work, we find, if any change can be noted, an im- 
Provement on what was so well done before, Pub- 
lished at first bi-monthly, and later as a monthly, this 
journal furnishes a ready means for publishing, 
without the delay usually associated with official - 
government of institutional publications, original 
papers, some of considerable length, contributed by 
meteorologists from all parts of the world, While 
these contributors are mainly those who use the 
German language, yet natignal sectionalism is no- 
where to be remarked, for apart from editorial work 
more of the contributed matter comes from Germany 
than from Austria, the nominal home of the journal. 
In addition to the valuable original leading articles, 
there are given reviews and notices of important 
meteorological publications and undertakings, and 
also many topics of interest are treated in the so- 
called eferat, which in this case is usually a 
kind’ of editorial review, in which the notice of 
some important paper is made the excuse for bring: 
ing together the most valuable ideas which have 
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been previously advanced on the subject, the 
reviewer himself adding something to gar know- 
ledge of it. This class of reviews requires an 
immense amount of time in preparation, and it is 
remarkable that Dr. Hann has been able to do so 
much in this line in addition to his other duties. 
Still another feature is the mass of climatological 
data which has been gradually accumulated, mainly 
through the personal labour of Dr. Hann; for it will 
be found that almost every number of the journal 
contains tabulated average data for the principal 
elements for one or more out-of-the-way places, or 
the results obtained by many years observations at 
some so-called normal station. These tables have 
proved to be of great service in many original 
researches undertaken by meteorologists, and a 
searcher for information concerning the climate of 
any portion of the globe will not be likely to turn 
away unrewarded from a file of this journal. We 
find in its pages an almost complete account of the 
progress of meteorology during the past twenty-five 
years, and it is safe to affirm that no one unac- 
quainted with its contests can claim to be thoroughly 
informed of the progress of meteorology during the 
period when it passed from a sub-science to the 
dignity of a separate science, demanding the entire 
attention of any one who will master its details. 
Of all the metcorological publications this is the 
most international and widely read, and it is on 
this account that its columns are uscd by writers 
of so many nationalities, and from all parts of the 
world, who may wish to secure for their ideas the 
widest circulation. There is, however, one depart- 
ment, that of instruments and apparatus, in which 
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there are not given sufficient details to enable onc 
to obtai a good idea of the subject from this 
publication alone. 

Since 1884 Germany has also given us a more 
popular meteorological monthly magazine, known as 
Das Wetter. 

Great Britairi furnishes three journals: Z/e Quar- 
terly Journal of the Royal Meteorological Society, The 
Quarterly Journal of the Scottish Meteorological Soctety, 
and Symons’ Meteorological Magazine. The two 
former contain papers by the members of the socic- 
ties, and they are usually quite elaborate, being 
similar to the leading articles in the Austro-German 
journal. Symons’ magazine is more popular in 
nature, and the a:ticles are somewhat like those in 
the German Wetter. 

The American Meteorological Journal, published 
monthly, was established in 1884, and has contributed 
largely to the recent advancement of meteorological 
science in the United States, This journal is a private 
enterprise, and was instituted by Professor M. W, 
Harrington, of Ann Arbor, Michigan. 

The Italian metecrologists,also publish a journal, 
bearing the title Bolletino Aensuale Moncaticri s this 
was established in 1880, 


§ 3.—Lulernational Meteorology. 


The rapid spread of an active interest in metcor- 
ology in various lands, and the resulting marked 
increase in the amount of meteorological data 
published, had caused frequent utterance of the 
‘idea that a greater uniformity in the methods of 
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procedure adopted in different countries was not 
only desirable but indispensable to the preper use of 
this material. No definite step was taken however 
until, in the spring of 1872, a circular, signed by 
Bruhns of Leipsic, Wild of St, Petersburg, and 
Hann of Vienna, was issued to those practically 
interested in meteorology, stating that a confer- 
ence would be held at Leipsic in August, 1872, for 
the purpose of studying the needs of international 
meteorology. In oider that something definite 
might be accomplished at this meeting a list was 
proposed of twenty-six questions, which were to be 
discussed at this meeting. Fifty-two persons re- 
sponded to this invitation, and the conference met 
on August 14, 1872, at Leipsic. The report of the 
proceedings of this meeting is extiemely interesting, 
and shows the wide divergence of opinion which then 
prevailed concerning the collection of meteorological 
data, both as regards methods of observation and the 
manner in which they ought to be treated, 

Only two of the points brought out at this meeting 
will be mentioned, viz., that it was desirable for each 
country to publish in full the tri-daily observations for 
a number of its selected stations and in a uniform 
manner, the form then in usc in Russia being con- 

‘sidered most desirable; and that a more systematic and 
more extensive use should be made of telegraphic 
weather reports. 

The Leipsic mecting, however, was merely pre- 
liminary to, and to open the way for, the Inter- 
national Meteorological Congress which it was 
decided to hold in Vienna in 1873. This congress 
was convened on September 2, 1873, and all the 
principal European Countries (except France), thé 
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United States of America and China were repic- 
sented by delegates whose official positions and 
scientific attainments signified the importance of 
the meeting, and indicated that it would be a 
veritable turning-point in the development of 
meteorology. ‘Among the important results accom- 
plished at this meeting may be mentioned the 
following: Appointment of a Permanent Metcor- 
ological Committee with self-perpetuating power; and 
the proposal by the delegate from the United States 
of America for the establishment of single daily 
simultaneous observations as nearly as possible over 
the whole northern hemisphere. Many questions of 
great importance were left to be decided on by the 
Permanent Committee, and the reports of sub-com- 
mittees and discussions concerning apparatus and 
methods form the most valuable réswmd¢ we possess of 
the worth of instruments and methods in use at that 
time. 

Meetings of this Permanent Committee were held 
in 1874, London 1876, Utrecht 1878; and in 1874 a 
Conference on Maritime Mcteorology was held in 
London by the sub-committee appointed by the 
Permanent Committce of the Vienna Congress of 
1873. At these mectings many questions concerning 
the present status and suggested improvements in 
meteorological methods were discussed, and cnough 
matter demanding formal action was accumulated to 
warrant the calling of a second International Meteor. 
ological Congress at Rome in 1879. At this meeting 
the work accomplished by the Permanent Committee 
since 1873 was fully considered; the value of the 
changes which had been directly and indirectly the 
results of the Vienna meeting of 1873 was carefully 
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discussed, as well as fuither questions of importance. 
A special feature of this mecting was the ¢numerous 
reports which were presented on various topics by 
those who were recognised authorities ; these reports 
having been requested by the Committee. A more per- 
manent organisation of the Permanent Committee was 
effected by which nine members were appointed to it, 
with only one from any one country. This Committee 
from this time has been known as the International 
Meteorological Committee. It first met at Rome, 
April 22, 1879 ; again at Berne, August, 1880; Copen- 
hagen, August, 1882; Paris, September, 1885; Zurich, 
September, 1888. 

As it was found that another early International 
Meteorological Congiess was not desirable, the Per- 
manent Committee agreed upon a dissolution at the 
Zurich meeting ; the President, Wild, of St. Peters- 
burg, and the Secretary, Scott, of London, being 
charged with taking steps for convening, at a suitable 
time, an international meeting of the 1epresentatives 
of the various Meteorological Services, 

Such a meeting was held in Munich from August 
26 to September 2, 189%, In response to a circular 
issued by Messrs, Wild and Scott, there were present 
at this meeting the heads of the various European 
meteorological services, and other prominent meteor- 
clogists from these and distant lands. The following 
countries were represented: France, Great Britain, 
Germany, Russia, Finland, Norway, Sweden, Den- 
mark, Hungary, Roumania, Netherlands, Switzerland, 
Spain, Bulgaria, Queensland, United States, and 
Brazil. The subjects discussed were, briefly stated : 
the best methods of making observations ; the adop- 
tion of absolute standards of reference ; methods of 
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calculation or reduction of observations ; the forms 
for publiastion of observations, and the methods for 
discussing them; the improvements to be made in 
telegraphing weather conditions and making weather 
forecasts, and especially in obtaining a knowledge of 
the weather conditions to the westward of Europe; 
methods of making and reducing observations of the 
earth’s magnetism and atmospheric electricity ; co- 
operation in observing cloud movemenis; the 
means for best securing international co-operation in 
meteorological work ; the question of the organisation 
and work of a proposed Inteinational Meteorological 
Bureau ; and finally, the formation of a new Inter- 
national Committee composed of seventeen members, 
This last was cartied out and the members chosen. 
An informal meeting is expected to be held at 
Chicago, U.S., in 1893, but it was decided that a 
formal meeting should take place at Paris within five 
years. 

Reports (in English) of these various meetings can 
be obtained from the Meteorological Office, London, 
for one or two shillings each. 

In October, 1879, through the action of the Per. 
manent Committee, an International Polar Conference 
was held at Hamburg, for the purpose of planning 
the work of the proposed temporary Circumpolar 
Metcorological-Magnetic Stations. In April, 1880, 
mainly by the action of the executives of the Pet- 
manent Committee, there was held at Vienna an 
International Conference for Agriculture and Forest 
Meteorology. 

Only avery limited general statement can be given 
of the international benefits derived from these 
meetings ; but they may be stated as follows: 
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The classification of meteorological observing 
stations into orders according to the nufnber and 
variety of observations made, and the establishment 
of a form for the printing of their results. 

The general adoption of either the meter-centi- 
grade or the inch-Fahrenheit scales, and recognised 
standards of reference. 

A European system of weather telegraphy with 
uniform code of exchange. 

The daily simultaneous international observations 
made at oh. 43m., Greenwich mean time. (Published 
by the United States Government, but now discon- 
tinued.) 

The establishment of the International Circum- 
polar Stations during 1882-83. 

The publication of International Reduction Tables 
for meteorological observations, 

The systematic reduction and publication of Ocean 
Meteorological data. 


CHAPTER II. 
APPARATUS AND METIIODS. 


§ 1,—TLhermometers. 


HY” TORICAL.—The history of the early deve- 
lopment of the thermometer is not known with 
ceitainty, but in the latter part of the sixteenth 
century Galileo used at Padua a kind of thermo- 
scope which consisted of a glass bulb (a) with a narrow 
bore tube (4), a couple of spans in length, attached. 
A general idea of the construction is given in Trig. 1. 
After the air in the bulb had been rarified by heating, 
the open end of the tube was inserted into water in 
an open vessel (¢), and the tube was held upright. The 
water would 1ise to some extent in ihe tube, as the 
air in the bulb cooled; and the level of the water in 
the tube would oscillate somewhat with any change of 
temperature to which the air bulb would be subjected, 
In this first instrument the fluctuations of the atmos- 
‘ pheric pressure would of course introduce some errors, 
but the principle of the modern thermometer had 
been discovered, and its further completion did not 
need the genius of Galileo to develop it. It is not 
certain who suggested the next step in the gradual 
improvement of the instrument. Abbe ascribes it to 
Galileo, and Hellmann thinks that the search now 
35 


26 MODERN METEOROLOGY. 


being made by Javaro concerning Galileo’s career 
may bring to light some further information. At 
= present, however, we must say 
(according to Ilellmann) that a 
French physician, Jean Rey, 
about the year 1631, conceived 
the idea of inverting the Galileo 
thermometer and filling it witha 
liquid and observing the expan- 
b sion of this. Sometime before 
1641, the Grand Duke Ferdinand 
II had adopted the plan of using 
alcohol as the fluid, and closing 
the open end of the tube so as 
to exclude the air. 
The members of the Acca- 
c demia del Cimento, most of 
> whom were pupils of Galileo, 
devised several forms of px 
thermometer, the most 
important of which was 
known as the “Little 
Florentine Thermometer® This instrument, 
as illustrated in Fig. 2, had a fixed scale with 
the zero at about the point shown by the 
freezing mixture of salt and water, and the 
13'5 division mark at the freezing point of 
water, The graduations which were arbitrary 
were small glass particles about the size of a 
pin head attached to the glass tube. 
It is worthy of note that Galileo’s thermo- 
meter was introduced into medical practice by 
Sanctorius at some time previous to 1624. 
The history of the development of the modern 
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mercurial thermometer must be passed over, with the 
remark that Fahrenheit was the first who fully accepted 
the necessity of having two fiducial points, the 
freezing and the boiling of water, and he settled 
down to the use of mercury in the construction of 
the thermometer. It has been suggested that the 
term “degrees” as applied to the thermometer 
readings was derived from an early form of ther- 
mometer in which the tube was bent into a circular 
form (or arc), and the degrees of the circle were used 
to show the position of the substance in- the tube. 
It is hardly necessary to enter into an account of the 
Fahrenheit, Reaumur, and Centigrade (Celsius) ther- 
mometer scales, as it is given in every text-book of 
general physics, and in encyclopzedias ; but it may be 
remarked that the Centigrade scale is in use among 
meteorologists in nearly all but the English-speaking 
countries, and in these the Fahrenheit scale is still so 
firmly established that the international assemblages 
of meteorologists have been obliged to sanction the 
publication of temperatures in either scale. Usage 
has therefore prevented the gencral adoption of the 
Centigrade scale, although if is in every way prefer- 
able to its rival. 

In giving an idea of the present state of thermo- 
metric science as applied to meteorology, only a 
brief mention can be made of the question of the 
various errors of construction of thermometers and 
their final reference to normal instruments ; for while, 
in the laboratory, errors of hundredths or even thou- 
sandths of a degree are being taken into account, yet 
in the practical use of thermometers for determining 
air temperature there are still discrepancies in various 
systems of instrument exposure which may amount 
t9 one or more degrees, 
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Standard Thermometers—It has been shown by 
physicists that the changes in volume or pygssure of 
an ideal gas will give an absolute scale for measuring 
temperatures. But as we have no ideal gas, Sir 
William Thomson proposed for use an absolute scale 
which should have a temperature of 273°7 at the 
freezing point of water, and 373%7 at the boiling 
point of water, thus fitting it to the divisions of the 
Centigrade scale. This scale agrees with the readings 
of the actual gas thermometer at the two points 
mentioned, but at intermediate points, and above 
and below these limits, a correction has to be applied 
to the observed temperatures in order to reduce them 
to the absolute scale. , 

The following table shows the corrections necessary 
to reduce some gas thermometers to the absolute 
scale, All but Thomson’s first series are under con- 
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ARsoLUTE Centi- Tromson Ain pire vole Carnonic 
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Constant Constant 
pressige volume. 
. °C. °C. °C. °C 
273°°7-+ 0° °° ‘000 *000 *000 *000 
20° 20° — 040 —'030 —'O13 —'034 
“h4o® 40° — 048 ‘040 —or8 | —o5r 
+60 60 — "047 —'037 —o18 —'o50 
+-80° 80° —'028 | —022 | —o12 | —'o32 
++ 100° 100° ‘000 *000 ‘000 ‘000 





But for most practical purposes it is necessary to 
use mercurial thermometers, and we inust know how 
their readings stand with regard to gas thermometers, 

Recent comparisons, at the International Burcay 
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al Sévres, of standard mercurial thermometers with 
gas thermometers, show that the following corrections 
must be applied to the readings of the former instru- 
ments in order to reduce them to the latter standards: 

Corrections —To reduce hard-glass thermometers 
by Tonnelot (Paris) to thermometers of— 
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Wild, in 1888, referred to the scale of the Hydrogen 
thermometer as the International Temperature Scale, 

Comparison of Standard Thermometers.—Although 
ultimately the absolute scale will be the standard 
to which all thermometric work will be referred, the 
actual working standard will probably be the gas 
thermometer adopted by the International Bureau 
of Weights and Measures at Sdvres, The gradual 
distribution of the best standard mercurial thermo- 
meters, after a thorough investigation, from Sévres 
to various countries, will no doubt introduce practical 
uniformity in all laboratory thermometric work the 
world over. A collection of such standard thermo- 
meters is represented in Fig.3. At present a number 
of standard thermometers are in use, Abbe gives a 
little summary for a few instruments which have come 
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to his notice at Washington. The Signal Service 
(Washington) air thermometer was found to be 
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ovor C. lower than 
Rowland’s air thermo- 
meter at Baltimore. 
Above o° C. the Signal 
Service airthermometer 
agreed with the met- 
curial standard, after 
the latter has had ap- 
plied to it the ordinary 
corrections to reduce its 
readings to those of an 
air thermometer. Also 
from + 32° I. to — 38° 
F, the Kew and Signal 
Service mercurial ther- 
mometer agree, but at 
— 38° F. the Signal Ser- 
vice alcohol the:mo- 
meters are 0°.6 F. below 
the Kew alcohol ther- 
mometeis. Also the 
Signal Service air ther- 
mometer agrees with 
the Sévres hydrogen 
thermometer (in 1885) 
to within +'o1°C, . 
Wild, at the Central 
Physical Observatory, 
has three thermometers 


(made of Thuringian glass) which he has been using 
as a standard. In 1888 these were compared from 
0° C, to 40° C. with a Tonnelot mercurial standard 
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(of hard glass), which had been compared with the 
hydrogen,gas thermometer at Sévres. The following 
table shows the result of this comparison : 


CoRRECTIONS OF S’. PETERSBURG STANDARD THFRMOMETERS, 


Giiwsier Nu, 2. Guitss~Lr No. 10. Lures No. 1 





an Hydiogen |}. 
Temp | Tonnelot estas ‘Lonnelot, 


Hydrogen |I 0 3 Hoge 
Sovran. Tonnelol.| “gavich 





0° C.| ‘00° C. aC. |} 00°C 00°C. } 00°C.) a0° CC, 








10 0 —'06 "OF —'08 "OL —'07 
20 "03 Ty "05 | ==" 3 —"02 —'Il 
30 "05 mS "05 —'16 "03 mon 13 
40 |—~'o07 rE * {log —'16 — "04, tS 


In 1875 the coirections of Geissler No. I0, as 
referred to the mercurial scale were : 


Temperature... OPC. 10°C. 20°C, 30°C. 40°C, 
Correction ., ‘00 —'03 —'04. —'07 —'07, 


These show that for at least fifteen years this 
observatory has had practically standard thermo- 
mete: readings. 

Fig. 4 shows the usual method of comparing the 
readings of mercurial thermometers, when the in- 
struments are immersed in a water bath, which 
may be made to vary in temperature by means of 
a lamp beneath. . 

Mercurial Thermometers.-—'The mercurial stem 
thermometer of the best construction consists of a 
slender glass tube with capillary bore terminating 
at one end in a thin glass bulb filled with puge 
mercury, and having at the other end, and connected 
with the capillary bore, a small empty reservoir called 
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the calibrating chamber (Fig, 5), The stem has 
marked gn it, first, the boiling point, and second, 
the freezing spoint, after which, in the case of the 
Centigrade thermometer (which we shall alone 
consider), the distance betwecn these two parts is 
divided into one hundred equal spaces called degree 
divisions. These subdivisions are either ruled directly 
on the stem, as in the case of the Tonnelot (Varis) 
thermometers, or they are marked off on a piece of 
white enamel glass, which is placed behind the 
thermometer stem with the zcro and 
hundred degree points directly opposite 
the corresponding points on the stem, as 
in the case of the Fuess (Berlin) patent 
barometer, These graduations are ex- 
tended slightly above, and considerably 
below, these two fiducial points for ordinary 
use. In the thermometers shown in Fig. 
3 it will be noticed that enlargements of 
the capillary bore occur. These are mainly 
for,the purpose of allowing a much larger |o 
scale of degrecs to be used than would be 
possible otherwise, but it necessitates the 
use of several thermometers in order to get the complete 
scale, Temperatures can be measured until the en- 
larged portion of the bore is reached, but this must be 
filled and the mercury pass up into the narrow bore 
above, before additional readings can be made. The 
enlargement is so made as to require an increase of a 
certain number of degrees of heat in order to fill it, 
and if temperatures within this limit are to be read, 
another thermometer with the enlargement in a 
different part of the scale must be used. By this 
means the fiducial points may be determined on each 
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thermometer, no matter what 1ange of temperature the 
graduations may include. We will consider briefly 
the various errots which may be met with in such 
a thermometer of the best construction and the 
methods of determining the corrections necessary to 
allow for them. These ate as follows: 

1. Correction for Parallax and Refraction. —In 
eithe: form of construction of the scale the divisions | 
aie not exactly adjacent to the mercury thiead in 
the tube, and consequently the reading will vary 
somewhat with the direction of the line of sight. 
In case the thermometer can be carefully adjusted 
so that the 1eading can take place at the angle of 
normal incidence, it should be done, thus avoiding 
this error, but it will frequently be the case that this 
is impracticable, in which case the coiection must 
be computed ; in which computation the index of 
refiaction of the glass (from the bore to the exterior 
surface of the stem) must be included in the ordinary 
formula for parallax. In cases where it can be done, 
it is better to eliminate the refraction by taking the 
mean of the readings when the scale is on the side 
nearest the observer, ard again when placed opposite. 

2, Scale and calibration corrections—~In thermo- 
meters of this highest class the scale divisions should 
be accurate, far within the limits of any 1eadings that 
are to be made; but in case they are not, this error of 
graduation is combined with that of calibration 
about to be described. It is impossible to get a tube 
or stem that is exactly cylindrical, and in which 
the size of the bore is absolutely uniform, It is 
customary therefore, in originally selecting the tube 
for the thermometer, to put a short thiead of mercury 
in it, and to observe the length of this thread in different 
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portions of the tube, If the bore is quite uniform the 
thread of. meicury will be of about the same length 
throughout. This work is of couse done by the 
maker. After the thermometer has been constructed 
and the scale attached, a similar but more refined 
process is gone thiough, in order to give quan- 
titative values to the corrections to be made for 
the combined errois of graduation and inequality of 
bore. By an artificial heating or cooling of the 
thermometer bulb the meicuty in the stem can be 
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brought to any desired length, so that upon a slight 
jarring of the instrument a thread of mercury of any 
“required length will be separated from the main 
mass of mercury, This thread is at first chosen, say 
5° in length. The thermometer being kept at con- 
stant temperature, the length of the thread (of 
constant volume) is observed in terms of the scale 
divisions at various poitions of the stem from one 
end to the other. The process is 1epeated with 
threads of 10°, 15°,. . . 9§° length, in order to insure 
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a greater accuracy, and to prevent the accumulation 
of errors due to the use of a short thread alone. In 
order to secure ease of manipulation and accuracy of 
work, the thermometer is placed in a holder,as shown 
in Fig. 6, and the graduations read by means of 
microscopes. By the insertion of these observed lengths 
in a system of symmetrical equations, which must be 
excluded here, the calibration and scale corrections for 
various portions of the tube are computed. The follow- 
ing little table shows these corrections for two of 
Tonnelot’s normal thermometers :— 


Scale Reading. Cahbiation Con ection. 
No ol 
°C, °C. °C. 

ia) 0 0000 0'000 

20 — 0'0569 —~0'250 

49 + 0.0709 0°44 

69 + 011968 — 0 372 

89 +0 1667 —o4j7l 

100 0 0000 -— 0'000 


3. Determination of the fiducial points. a. The 
boiling point, The thermometer must be hung inside 
of a double casing, with the bulb suspended at a little 
distance above the boiling water. The whole ther- 
mometer must be envelgped in the steam, and a hole 
in the outer casing allows the free escape of this 
vapour, All air in the inner casing must be replaced 
by steam. A manometer must show the difference 
in pressure between the steam inside the apparatuse 
and the air outside. A model apparatus for deter- 
mining the boiling point is shown in Fig. 7, in 
which T is the thermometer, L the reading tele- 
scope, A the vapour chamber, and c the water 
reservoir. Whenever a reading is made of the 
thermometer a corresponding reading must also be 
made of the manometer, and also of a barometer, 
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If the mercury in the thermometer is carefully ob- 
served as it rises up to the boiling point, it will be 
found to reach a height which it does not permanently 
retain, and if the boiling is continued for a sufficiently 
long time, the mercury will be found to have slightly 
receded from its highest reading. This lower reading 
is the desired boiling point, and this slight lowering 
is due to a gradual change in the capacity of the 
thermometer bulb. It has been found that the true 
boiling point can best be determined by taking the 
thermometer from the apparatus, and making a deter- 
mination of the freezing point, after which a new 
determination of the boiling point must be again 
made. If these two successive determinations agree, 
we may consider that the true boiling point has been 
obtained. It is necessary that the experiment be 
performed with the thermometer horizontal as well as 
vertical. Various standards of atmospheric pressure 
and geographical position have been adopted by ther- 
mometer makers of different countries, but that at 
present in international use is the boiling point 
which corresponds to an atmospheric pressure of 
760mm, of mercury at zero degrees C. at the latitude 
of 45°, and sea-level. In determining this pressure 
the manometer reading must be applied to the 
observed barometer reading in order to get the true 
pressure inside of the apparatus. 

b, The freesing point. This is determined by 
subjecting the thermometer to the temperature of 
melting ice. The water which has been frozen must 
be pure, and if ice is used the water must have 
previously been distilled; but freshly fallen snow 
furnishes a very good substitute. Not only the bulb 
but the stem of the thermometer should be immersed 
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in the ice, the freshly melted water flowing over the 
bulb. An illustration of this proccss conducted with 
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proper apparatus is shown in Fig. 8, in which T is the 
thermometer. When the thermometer is first inserted 
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in the finely chipped ice, the mercury will rise, since the 
glass bulb contracts the more quickly, but a little later 
the mercury falls rapidly, and soon comes to astand-still 
at the depressed freezing point. This point depends 
on the condition of the bulb just before it was put 
into the melting ice, If the thermometer is kept at 
this temperature the mercury slowly rises, and in the 
course of twenty-four to ninety-six hours it will reach a 
point called the vazsed zero, which can be attained more 
tapidly by warming up and cooling the thermometer 
slowly; but if the latter is subjected to the ordinary 
air temperature immediately after the depressed zero 
point has been noted, and is kept at this temperature 
for a year or so, then at the end of this time it will 
show a slightly higher reading than it would have if it 
was kept at the freezing tempeiature. If now it is 
again put into the melting ice, then what is called the 
zevo of long repose is at once attained, and will be 
found to differ very slightly from the just mentioned 
raised zero. These changes are slower and of less 
extent, the more nearly the thermometer is kept at 
the boiling point of water. The higher the tempera- 
ture which the thermorficter had before it was put 
into the melting ice, the lower will be the observed 
zero. The observed zero of a the1mometer depends 
not only upon the highest temperature to which it 
has recently been subjected, but also upon the time 
which has elapsed since it was at that temperature ; 
so that for very accurate work in thermometry the 
depressed zero point must be determined immediately 
after any measurements of temperature. In order to 
facilitate the determination of the freezing point, 
where it must be found frequently, a rapidly stirred 
mixture of one part water and five parts of slowly 


APPARATUS AND METHODS. 4i 


melting ice will be found preferable to the ordinary 
melting snow or chipped ice. 

When making an observation of the depressed 
zero point it is usual to note the thermometer reading 
several times near the point; as the mercury ap- 
proaches it, 1eaches it, and recedes from it. Pernet 
found that this depressed zero corresponding to any 
temperature varies as the square of the temperature 
above o°C. It is the custom at the International 
Bureau of Weights and Measures to determine the 
freezing point of a thermometer in a room having 
a temperature of from 6° to 12°C.; for an error of 
o°o1 C. may be expected if the room is at ordinary 
temperature. Change of pressure has also a vary 
slight effect on the temperature of melting ice, an 
increase of pressure lowering the freezing point. 

It is also necessary to place the thermometer in 
a horizontal as well as in a vertical position in 
determining the freezing point. 

The distance between the depressed boiling point 
and the depressed freezing point, when the latter is 
determined within, say, an hour after the former, can 
be determined within o%o1 C, or o%02 C. from a single 
trial, when the precautions already mentioned have 
been taken, and Guillaume has shown that the ccn- 
stancy of this distance for Aard glass thermometers is 
within the limits of the errors of observation, 

Whenever any very accurate measurement of tem- 
perature is to be made the fiducial points must be 
determined:at the time, and used as reference points for 
the observed temperature, Pernet has worked out a 
plan for this which is very much more accurate than the 
older methods by which disciepancies amounting to 
o°2 C. might arise. Pernet’s method is represented by 
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such a simple formula that its introduction here will 
doubtless be excused. It is as follows: 


St00—Zz00 


Here t is the required temperature; X is the ob- 
served thermometer reading for t; Z, the depressed 
ficezing point which is determined immediately after 
observing X; S,,, is the depressed boiling point deter- 
mined immediately after Z:; Zr, the depressed freez- 
ing point determined just after finding S,. And, 
also, =<“ is the value of one of the degrees on the 
thermometer in terms of true Centigrade degrees, 

4. Corrections for different temperature of scale or 
stem,—In the case of thermometers with brass scales 
in which the bulb, scale, and stem have different 
temperatures, errors of several hundredths of a degree 
C. may be made by not allowing for the expansion 
of the brass; errors of one or two-hundredths of 
a degree by not allowing for the expansion of the 
glass stem ; and errois amounting up to a quarter or 
half a degree by not allowing for the expansion of 
the mercury thread in the capillary bore, and in case 
alcohol or ether is used in place of mercury this 
last crror would be increased seven and ten-fold 
respectively. 

What is known as Poggendorf’s correction (so named 
from the physicist who first applied it in 1826), 
takes account of the variation in the capacity of the 
capillary bore due to changes of temperature. The 
standard adopted is for the thermometer stem at 
100° C., while the bulb is at the temperature to be 
determined, The amount of this correction is 
o'00° C. at 100° C. and at o° C. ; the maximum may be 
from o%05 too-o8 C. at 50° C.,and has a negative sign ; 
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at —-40° C. the correction may be from o%'11 to 0717 C, 
with a positive sign; the limits given are for different 
cocfficients of expansion of glass. 

There is still an error due to the irregularities in 
the relative expansions of the bulb and the mercury 
in it, but usually the correction for this is included with 
that for the Poggendorf correction, The combined 
correction is o%00 C, at o° C. and roo? C,, and has a 
maximum of —o%z07 C. at 50°C. But no set of theo- 
retical corrections can be assigned to convert the scale 
for mercury into that of the gas thermometer. That 
the observed differences are mainly due to different 
qualities of the glass used is shown by similar correc- 
tions being obtained for the same kinds of glass. 
Wiebe and Guillaume maintain that meicurial ther- 
mometers can be constructed which will agree with the 
gas thermometer, and in which the readings are pro- 
portional to the temperatures. 

5. Correction for pressure on the bulb.—There is an 
external and internal pressure on the thin glass of the 
bulb. As a standard for reduction, a pressure of one 
atmosphere inside and outside may be adopted, 
according to Guillaume. 

If the external pressure in tne case of a cylindrical 
bulb Tonnelot thermometer is increased 1 atmosphere 
it increases the reading 0°09 C,; for o°6 of an atmo- 
sphere the increase is o%055 C. It would have been 
more for a spherical bulb on account of thinner glass, 
At high elevations above the sea-level this quantity 
must be taken into account in ordinary work, unless 
the fiducial points were determined at a pressure like 
that at the altitude of observation. 

The part of the internal pressure of the bulb which 
consists of the hydrostatic pressure of the column (or 
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thread) of mercury, will vary with the temperature and 
with the inclination of the stem to the vertical, and 
will have a maximum in the vertical position, 

Different kinds of glass possess different elastic 
properties, and the effect of pressures on the bulbs 
consequently is not the same for all thermome- 
ters; but it is practically constant for the same kinds 
of glass, and knowing the coirection for one kind of 
glass, that for another kind of known composition 
can be computed. Guillaume has given a formula 
expressing the relation between hard glass and crystal 
glass. 

There is a strong capillary action in thermometer 
tubes. It will cause a downward pressure of about 
one-sixth of an atmosphere for a bore of o'lomm.; 
and this is to be added to the weight of the column 
of mercuty in stating the inside pressure. In an 
extreme case the sum of the two amounted to ors C. 
In order to be free from this capillary error a// of the 
readings must be made with a rising of the mercury. 
Where, however, the differential capillary error does 
enter, in the case of a stationary temperature, it may 
be found by taking half the difference between the 
temperature for a rising and falling column of mer- 
cury. When the thermometer changes from a rising 
to a falling temperature, it fails to indicate the change 
of double the amount of this correction, and this 
“dead space” may amount to o%07 C. for a bore of 
003 mm., according to Pernet, Guillaume found that 
a difference of 0%04 C, existed in the determination 
of the boiling point when it was made with a rising 
and rounded meniscus, and again with a falling and 
flat meniscus. 

6, Sluggishness.—It requites an exposure of some 
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duration for a thermometer to attain its true reading, 
and cylindrical bulbs aie more sensitive than spherical 
bulbs; but the time also depends on the kind of 
exposure. When a circulation exists in the surround- 
ing medium, as, for instance, a current of air, the true 
reading is obtained with the minimum rapidity. Tor 
a quiet medium the correction for sluggishness can 
be determined by experiment for each thermometer 
at rising and falling temperatures. 

9. Thermal reaction and change of sero-—Bellini, in 
1832, and later, Faraday, Regnault, and others, investi- 
gated the slow permanent changes in the position of 
the zero of thermometers, The amount of this 
change varies for different kinds of glass, and may 
even reach 0°8 C. for apparently excellent thermome. 
ters when made of some ordinary kinds of glass, The 
greater part of this change takes place, however, 
within two or three years after the thermometer has 
been made, 

The fact that the readings of thermometers depend 
somewhat on the temperatures to which they have 
recently been exposed makes the spring readings of an 
out-of-doors thermometer a,little too high after the 
winter’s cold ; and the fall temperatures a little too 
low after the summet’s heat. This seasonal variation 
may reach even 010 C, 

In order to overcome this elastic or thermal reaction, 
many experiments have been made to obtain a glass 
in which the change is a minimum. The best compo- 
sition yet found is that obtained at the Jona Labora- 
tory, by Abbé. The composition of this glass is as 
follows : Quartz 67°5, soda 14°09, oxide of zinc 70, 
lime 7, clay 2°5, borax 20 per cent. With this glass 
the depression of the freezing point amounts to anly 
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o°o5 C.; and the change of the zero point will not 
exceed ovo! C. in a long time, 

Thermographs. —The self-registering thermometers 
in use are by no means as satisfactory as is desirable. 
There are many different kinds, such as the photo- 
giaphic, the metal spiral, the electric, the automatic 
position, and the air thermographs, Of all these the 
photographic, as used principally at Kew and other 
English observatories, is undoubtedly the most accu- 
rate, but it has the disadvantage, under which all 
photogiaphic registrations must come, that its mani- 
pulation is difficult, and 1equires the expenditure of 
much time and skill. In this form the mercurial 
thermometer is made with such a long stem that the 
bulb can be exposed in the thermometer shelter or 
scieen, while the upper part of the mercury column is 
inside of the photographic box or the dark room. A 
small air bubble is introduced into the capillary tube 
of the thermometer, and separates the thiead of mer- 
cury by an air space. A light is thrown through this 
space, by means of reflectors and condensors, on to a 
revolving drum bearing the photographic paper. The 
amount of rise and fall af the successive records, thus 
made, is carefully measured, and when compared at 
stated intervals with the direct readings of an adjacent 
thermometer, they can be readily reduced to the ordi- 
naty thermometric scale. 

The metal spiral thermomcter, as used in the Hipp, 
Hottinger, Wild-Hassler, and other thermographs 
consists of a compensated spiral, the expansion or 
contraction of which with higher or lower tempera- 
tures is communicated to a pointer whose varying 
position is 1egistered on a recording sheet. 

In the electiic contact thermometer, as used in the 
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Secchi, Theorell, and Hough thermographs, the 
upper end of the thermometer tube is open, and a fine 
wire is made to descend into it until contact with the 
mercury, when a circuit is closed since it has the other 
pole connected with the mercury in the thermomceter’s 
bulb, The distance the wire is obliged to descend 
from a fixed position to the mercury is automatically 
measured and recorded. 

In the air thermograph a vessel of metal is filled 
with diy air, which is allowed to raise or lower the 
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Fig 9. 


pressure in some form of manometer, by being con- 
nected with it by means of a metal tube of very small 
bore. The variations of pressure, as shown by the 
manometer, are recorded by various devices, such as 
are to be found in the instruments of Schreiber, 
Sprung, &c. 

In the Richard thermograph, as shown in Fig. 9, a 
curved tube on the Bourdon plan is hermetically 
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sealed after being filled with alcohol. One end of the 
tube is fixed (at the left end, as shown in the figure) 
and the other end curves up or straightens out with 
the contraction or expansion of the alcohol. This 
motion of the free end is communicated to the long 
arm catrying the pencil, which records the motion on 
the cylindricak register. 

The automatic position thermograph, or “upset” 
thermometer, is so constructed that when the thermo- 
meter is inverted at any designated time by the 
automatic action of clockwork, a portion of the mer- 
curial thread is broken off at a narrow point of the 
tube, and the mercury runs to the top (inverted) of 
the thermometer, where the length of the broken 
thread is measured by means of a scale. If twelve 
of these thermometers are so arranged that succes- 
sive ones shall be inverted at successive hours, and 
if the apparatus is set in operation twice daily, an 
hourly record of the temperature can be obtained. 

As in the case of other 1ecords made by means 
of delicate apparatus, the accuracy attainable by 
meanis of these various forms of thermograph depends 
very much on the care ip manipulation and reduction 
of the observations. 

For instruments like the Sprung or Wild-Hassler 
thermographs the readings are usually accurate to 
within 0:29 or 0%3 Fahrenheit, and for the photo- 
graphic or Kew form the error is only about half of 
this amount. 

In all of these forms where a thermogram gives the 
variations in temperature, a bi- or tri-daily reading of 
an adjacent mercurial thermometer must be made in 
otder to reduce the record to truc degrees, 

Exposure of Thermometers—In the construction, 
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investigation, and reading of thermomcters the utmost 
refinement may be practised, and hundredths of a 
degree considered ; but this care is all lost unless 
proper precautions are taken to so expose the ther- 
mometers that their readings give the true air tem- 
peratures. In order 
to find a proper 
exposure for the 
thermometcr, the 
various sources of 
etror must first be 
considered. The 
thermometer re- 
ceives heat by con- 
duction from the 
surrounding air(and 
in this convection 
plays a most pto- 
minent pait), and 
by radiation from 
surrounding ob- 
jects; it, in turn, 
gives off heat by 
radiation and con- 
duction. The ques- } 
tionto beconsidered | ¥ 
is the means by m & 
which the proper 
balance between 
these can be so 
regulated that the thermometer shall read ncither too 
high nor too low. It must be also taken into account, 
that in meteorology we do not wish to obtain the 
temperatuie of a small quantity of air, which may 
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itself be subject to local influences, but we desire the 
temperature of the main body of air. 
ae .» Many forms 
, of fixed ther- 
mometer shel- 
ters or screcns 
have been de- 
vised which, as 
was considered 
by the origina- 
tors, had solved 
the problem of 
the tiue ther- 
mometer expo- 
sure. The most 
widely known 
and used of 
these are the 
Glaisher, Ste- 
venson, Stow, 
Renou, Wild, 
and Signal Ser- 
vice shelters. 
The main plan 
on which mast 
of these have 
been construc- 
ted is a box- 
* like structure of 
wood, with the 
Fi. 11. sloping top of 
solid ‘wood, while the sides and floor are of various 
designs according to the ideas of the proposeis. There 
is no doubt that different climates require some differ- 
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ences of details of constiuction for these screens, and 
so no one form can be recommended for all regions, 
In England the Stevenson screen (see Fig. 10) is 
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much used, and it has double louvred sides and floor, 
thus permitting the free entrance of the air, but ex- 
cluding rain and preventing the vitiating action of 
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radiation, The thermometer is placed about four fect 
above the sod. 

In France the Renou screen, as shown in Fig, 11, is 
used. It consists essentially of a double roof of wood 
or sheet zinc, inclined about 30° to the horizon, with 
an air space between the outer and the inner cover. 
The thermometers are placed near the inner cover, 

and are about seven fect 
from the ground, which 
must be covered with a 
sod. On each side is a 
| board or similar shield 
' to prevent the sun’s rays 
from striking the thermo- 
meters in the morning or 
afternoon hours, “One 
shield is sufficient if it is 
shifted from the west side 
to the east side at even- 
ing, and back again at 
noon, 

In Russia the Wild 
shelter is used; this is 
shown in Fig. 12. It is 
of wood, and has a double 
board roof and southside, 

Fic. 13. with open space between 
the outer and inner covering. The sides aie double 
louvred to admit the air freely, and the floor and north 
side areopen. Within this wooden shelter is placed a 
zinc broken cylindrical case, which contains the ther- 
mometers, this case being so arranged as to freely admit 
the air, as is seen in Fig. 13, where the cylinder is 
opened to permit a reading of the instruments. - At 
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the lower end of this inner metal shelter, and re- 
placing the conical bottom shown in the diagram, is 
a fan-like arrangement, by means of which the air is 
forced through it (and over the thermometers) for two 
minutes before each observation. For the ordinary 
dry bulb thermometer Wild finds that the ventilated 
shelter and the unventilated shelter give the same 
results to within about ov1 C. The thermometer is 
placed about ten feet above sodded ground. 

The Hazen thermometer shelter, as used by the 
United States Weather Bureau, is a cube three and a 
half feet long, thiee feet high, and three feet decp. 
The top and the bottom are of solid boards; the roof 
being sloping and double, with an air space of six 
inches between the outer and inner boards, The 
sides are to be single louvred with wide slats, In 
order to thoroughly mix the air inside of the shelter 
the wet and dry bulb thermometers are whirled rapidly 
in acircle eight inches in diameter, just before reading, 
When mounted on a roof the shelter must be nine 
feet above the platform, and when at the ground, 
sixteen feet above the sod, ene supported in all cases 
by four posts. 

-In Fig. 14 the method of exposing the bulbs of the 
self-registering dry and wet bulb thermometers is 
shown as used at Kew, where the shelter is attached 
toa wall, The stems pass through the wall to the 
photographic apartment within the building, 

Numerous comparisons of various forms of ther- 
mometer shelters have been made, not only to see 
how they differ among themselves, but also to detet- - 
mine their absolute accuracy. The Royal Society’s 
experiments made by Griffith at Strathfield Sturges, 
Hampshire, which extend over the period from Novem- 
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ber, 1868, to April, 1870, and in which about eighteen 
different methods of thermometer exposure were 
compared, is the most elaborate investigation of the 
subject yet undertaken, and it might bé thought that 
other experiments were unnecessary ; but since then 
several government institutions and societies, and'a 
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large number of individuals have investigated the 
question anew. The paper by Képpen, of the 
Deutsche Seewarte at Hamburg, bearing the title 
Investigations on the Determination af Aw Tempera- 
ture (Studien tiber die Bestimmung der Luft-temperatur 
und des Luftdrucks. Eyster Abhandlung, Unter- 
Ssuchungen tiber die Bestimuung der Luft-temperatur), 
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and published in 1888, gives the latest summary we 
have of what has been done by the various experi- 
menters, é 

Even the bare results of these researches cannot be 
given here, but it may be said that cach of the recent 
forms of shelter probably has some advantage over 
others; but it has not been possible to obtain an agree- 
ment among meteorologists to adopt any one forin to 
the exclusion of others, and the question of a standard 
form for universal use is still an open one, and not likely 
to be settled in the near future. Koppen proposed a 
simple form of ther- 
mometer shelter, in 7 
which the thermo- 
meter bulbs are 
placed between two 
horizontally- placed 
boards, as shown in 
the accompanying 
figure, No, 15. 

Normal Tentper- 
ature. — It will be 
obviously impos- = 
sible to artive at 
any definite decision as to what is the best mode 
of exposing a thermometer in order to obtain the 
truc temperature, until some absolute standard for 
comparison has been adopted; and’ yct this is 
what meteorologists have becn trying to accom- 
plish. It has been assumed, and is still so considered 
by many meteorologists, that if a thermometer 
is whirled quite rapidly in a shady place, so as not 
to be exposed to the direct rays of the sun, and 
so as not to radiate heat itself to the sky, then its 
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readings after whirling will indicate the true aif 
temperature, Usually in performing this operation 
the thermometer has a string attached to the upper 
end, and is whirled after the fashion of using a sling. 
The whirled wet bulb thermometer was first used 
by Saussure; but the application of the method to 
ordinary thermometers was first made by Bravais in 
1836, and later by Arago. 

As a means of producing an artificial current of air 
which will flow past the thermometer bulbs three 
methods are in use by meteorologists: the slinging, 
or whirling by hand at the end of a string, as just 
mentioned ; the ventilating, in which the curent is 
caused by aspiration or some foim of fanning; the 
rotating, in which the thermometers are whirled by 
a machine of some kind, or, as in the case of the 
Renou method, the shelter is :apidly rotated. 

Observations by Joule and Thomson have shown 
that if a wind blows against an obstacle the tempera- 
ture of the air is higher on the windward than on the 
leeward side; this is due to the dynamic heating by 
increase of pressure, and in exposing a thermometer 
care must be taken noteto subject it to this source 
of error, Even for a thermometer exposed to a free 
current the reading is increased by 01 C. for a velocity 
of wind of ten meters per second, and by about 0°°5 C, 
for a velocity of about thirty-five meters per second. 

In 1817 Fourier proposed using two thermometcis 
having bulbs of different degrees of radiation and 
absaiption: v2. the plain glass bulb, and one covered 
with lamp-black; and then from their readings he 
would compute the correction to be made for radiation. 

In 1851 Liais proposed using three thermometers 
having bulbs of different absoiptive powers. In 


APPARATUS AND MErobs. 89 


1863 Abbe (of Washington), then at Pulkowa, 
also proposed and applied the use of two ther- 
mometers. Fourier gave a simple formula for the 
reduction, depending on the absorption of glass 
and lamp-black; and quite recently Ferrel gave a 
more complete formula taking into account the 
velocity of the convective current of air to which 
the thermometers are exposed. Hazen made an 
independent proposal of the method of Liais, and 
his bringing the subject to public notice has resulted 
in some recent experiments in whirling of two ther- 
mometers, one with a gilded bulb, and the other with 
a bulb covered with ‘lamp-black; but Abbe had 
recommended in 1883, and on earlier occasions, the 
use of the black and silvered or gilded bulb thermo- 
meters for determining the temperature even in open 
sunshine, 

In 1857 Neumayer conducted experiments with 
white, red, and black bulb thermometers at the Flag- 
staff Observatory at Melbourne, for the purpose of 
dete: mining the effects of radiation, but just what use 
he made of them has not been made public by pub- 
lication ; and Aitken independently proposed the use 
of thermometers having bulbs with different powers 
of radiation, It is scen, then, that so many different 
persons have independently suggested this general 
method that its discovery cannot be assigned to any 
one of the later proposers, 

In the summers of 1885 and 1886 (as well as 
at other times), Wild made some very careful and 
complete experiments at Pawlowsk, Russia, with 
various kinds of thermometers, in order to arrive at 
some practical method for obtaining the absolute 
true air temperature. He used the:mometers with 
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plain-glass, gilded, and blacked bulbs, and cortipared 
them, both at rest and with strong current of wind 
produced by a rotary motion, with the thermometers 
in his form of shelter (Fig. 12). 

These experiments show, in the first place, that in 
the present condition of our knowledge of the theory 
of heat it is impossible to obtain, under all circum- 
stances, in bright sunshine and in the shade, even 
with rapidly moving air, the temperature of the air by 
means of two thermometers having bulbs of different 
coefficients of radiation, as, for instance, the blackened- 
bulb and gilded-bulb thermometers; however, if these 
thermometers are in the shade, and enveloped in 
moving air, the true temperature is probably very 
nearly obtained by subtracting from the observed 
temperature of the gilded thermometer 15 per cent, of 
the difference between the two thermometers. Some of 
the observations made with a free sun exposure gave 
as much as 1°C. too high a temperature at about 
20°C. by this same formula. The plain thermometer 
whirled in the midday sunlight gave results about 
o*4.C, too high, and in the shade o°5 C. too low, and 
in the evening after sumdown this depression below 
the air temperature increased to 0°8 C. In the most 
unfavourable cases on clear, calm summer days, the 
Wild-shelter sometimes gave a temperature 0°'5 C, 
too high for the ordinary thermometers without an 
air current, but when, by means of the ventilator 
beneath the inner metal shelter, a current of two 
meters per second was forced through it, the reading 
of the thermometer was only 0°1 too high; so that if 
this shelter is used in the lower latitudes where such 
days frequently occur, the ventilating attachment 
must be used, On these calm days with strong 


APPARATUS AND METILODS, £9 


radiation, the air teniperature can vary 0%5 C. or more, 
at distances from one to four meters above the ground, 
according to the method of sheltering the ther 
mometer, whether it be in the shade of a house, of a 
small-shelter, or of a large sail canvas, 

Sprung has also recently published the results of 
some expeiimeuts made at Berlin, and his work 
shows, with that of others, the necessity of inter- 
nationally conducted experiments. 


§ 2,.—Zarometers, 


Early History of Barometers—The barometer was 
discovered by Torricelli in the ycar 1643, a year after 
the death of Galileo, who had shown that the air has 
an appreciable weight. The simplest form of this 
instrument is obtained by filling a glass tube, sealed 
at one end, with pure mercury, and placing a finger 
over the open end invert the tube and plunge this 
end, finger and all, into a cup containing mercury ; 
then remove the finger, and, if the tube is somewhat 
over thirty inches in length, the mercury will flow out 
until the surface of that in the tube is about thirty 
inches above that in the cup, if the experimenter is 
near the sea-level. This experiment was first actually 
performed by the mathematician Viviani at the sug- 
gestion of Torricelli, and his instrument only differed 
from the above description by there having been a 
glass bulb blown at the closed end of the tube, so that 
when the mercury ran out, this bulb, as‘well as a 
portion of the tube, was left empty. 

If this tube is clamped ina vertical position to a 
rigid support, and a scale of inches is placed beside 
it, also vertical, with the lower end, marking the zero 
of scale,resting on the surface of the mercury in the cup, 
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it will be observed that from day to day, or sometimes 
from hour to hour, the scale reading of the height of 
the mercury in the glass tube will vary considerably. 
This variation nay amount to as much as a couple of 
inches in the course of a few days. 

The instrument is, however, seldom 
used in this simple form, because it could 
furnish only very rough measures of the 
changes in the atmospheric pressure. 
Experience and experiment have caused 
many different forms of barometers to 
be constructed, in order to combine 
accuracy and convenience, and it is the 
gradual improvement of these instru- 
ments that we wish to follow out. 

In Fig, 16 is shown an early form of 
the barometer as used by members of 
the Accademia del Cimento; in this a 
nearly closed cistern was used; the air 
being admitted by an orifice in a neck, 
and the gradations, which werearbitrary, 
were small protuberances on the glass 
tube. : 

In order that the glass tube, in the 
case of the simple cistern barometer 
already described, may not be casily in- 
jured, it is usually surrounded by cne of 
metal, and as this tubc is in all parallel 
_to the glass one, it can be graduated 
" and serve as a scale for reading the 

height of the mercury column. “Then, 
too, that the instrument may be easily carried about, 
the mercury cup at the bottom is go arranged that it- 
can be screwed on to the lower end of the mctal baro- 
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meter tube. The instrument in this simple form is a 
cistern barometer with immovable bottom, andl is 


much used at sea. 


If, instead of having the cup or cistern of mercury 


at the bottom of the tube, the lower end 
of the tube is bent into a U-shaped form, 
we have the so called syphon barometer, 
which wasa very popular form until within 
recent years. In this case the difference 
in the height of the surface of mercury 
in the two legs of the tube gives the at- 
mospheric pressure. (See Fig. 17, where 
the upper and lower scale readings are to 
be added together.) 

Various Forms of Barometers —With 
this general idea of the construction of 
the barometer in mind, it will not be diffi. 
cult to understand the details concerning 
some of the improvements which have 
been made in the last few years, and 
which are described below. The most 
popular form of instrument is the Fortin 
barometer. This is a cistern baromcter, 
in which the lower end of the reading 
scale terminates in a fixed ivory pencil 
(within the glass cistern), the lower point 
of which is at the zero of the scale. The 
lower part of the mercury cistern usually 
has a soft leather lining which is pressed 
upon by a screw from below, The large 
milled" head of this screw is turned by 











Fig, 17. 


the observer until the surface of the mercury in the 
‘cistern is raised so high as to just come in contact 
with the ivory point marking the zero of the scale}; 
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then the scale reading of the height of the mercury 
in the tube gives the “barometer height.” There are’ 
numerous makers of this form of barometer, but they 
differ only slightly in details of construction, and the 
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general form is to be found illustrated 
in most books on physics or meteor- 
ology. A cheap construction by 
Baudin, of Paris, is, however, of suffi- 
cient novelty to deserve notice. This 
instrument is shown in Fig. 18. The 
scale divisions are ruled directly on 
the glass tube, and the cistern is en- 
tirely of glass, but it has a metal rim 
which screws into another metal rim 
encircling the lower end of the ba- 
rometer tube. The zero of the scale 
is at the end of a pencil of glass which 
is attached to the barometer tube, and 
is brought in contact with the mercury 
in the glass cistern when a reading is 
to be made. 

About 1830 Kupfer invented the 
syphon -Cistern barometer, various 
forms of which are now used exten- 
sively in Continental Europe, under 
the names of Turrettini, Koppen- 
Fuess, Wild-Fuess, &c. Many im- 
provements have been made in the 
original design, and probably the best 
at present in use are those of the Wild 
pattern, manufactured by Fuess of 


Berlin. As the name suggests, this form of instrument 
is a combination of the cistern-syphon barometers in 
which the attempt is made to bring into one instru- 
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ment the good points of both forms. The arrange- 
ment of the barometer tube is best realised if we 
imagine a syphon barometer tube with the shorter 
leg cut through at the beginning of ; 
the bend (at the point ¢ shown in 
Fig. 17),and the bent portion straight- 
ened out; both of the cut ends are 
then inserted in a closed cistern filled 
with mercury, beneath which is an 
adjusting screw, as in the case of a 
Fortin barometer. In making a read- 
ing, the mercury is forced up into 
both legs of the barometer until the 
mercury surface in the short leg is 
brought up toa fixed index at the 
zero of the scale, when the reading 
of the latter, showing: the height of 
the mercury in the longer leg, gives 
directly the barometer reading. 

Fig. 19 shows the Koppen-Fuess 
form, in which the principle of con- 
struction can best be seen, as both 
tubes are straight, and two brass |y 
bars take the place of the usual |f x 
encircling brass tube, thus permit- ai 
ting the glass tubes to be seen, In | 
making an observation with this in- 
strument the screw head s at the 
bottom is turned towards the right 
until the mercury in the short tube © 
on the right is brought up toa fixed “Fi. 19 
zero index at ¢: the upper reading sight at 2 is then 
adjusted to the top of the mercury column in the long 
tube on the left by means of the screw at #. The ther- 
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mometer at ¢, it will be noticed, is unprotected in this 

case, to make the exposure uniform with that of the 

ee tube of the barometer. This form of barometer 
is little used outside of Germany. 

Fig. 20 shows the Wild-Fuess 
barometer, which is much more 
complex than the one just de- 
scribed, owing -chiefly to the fact 
that in this form there is a bend 
in the longer leg, which permits the 
short leg to be located directly 
under the upper part of the longer 
leg, so that the two surfaces of 
mercury which aré to be observed 
will be in the same vertical. In 
the diagram the upper part of the 
barometer is shown at the left, and 

* the lower part at the right; a 
portion of the outer brass tubular 
covering being omitted in this last 
case in order that the construction 
of the glass tubes can be seen to 
bette advantage. 

As this barometer has come into 
very extensive use on the Continent 
of Europe as a refined form of port- 
able instrument, a more lengthy 
description is desirable. The tubes’ 
A and B connect with the closed 
mercury cistern C. A is the longer 
tube and passes up, being considet- 

FIs. 20. ably constricted, to a bulb blown in 
the continuation of the tube B; here a turn to the 

right is made, and A passes through this bulb O 
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until it is directly over the short tube B. When A 
leaves the bulb O it expands into the full diameter 
which it has at the point of reading above. The 
short tube B is of the same diameter throughout up 
to the air, hole S, and it is continued up to the place 
of meeting the tube A mercly for the additional 
rigidity it gives the instrument. In making an obser- 
vation with the instrument the bottom screw G is 
turned until the mercury surface in B comes in con- 
tact with the zero sight (which is adjustable to the 
zeto of the scale by means of the screw K) which is 
shown just-above it in the diagram. 

The height of the surface of the mercury in the 
longer tube is read off by means of the sight at N, 
which is carefully adjusted by means of a screw 
motion. ‘The framework of this sight, on which is 
also placed the vernier divisions, encircles the brass 
tube covering the glass tubes. ‘ 

The outside air enters the short tube through the 
small opening in the arm covered by the screw cap S$; 
this screw cap being left open during the observation, 
but kept closed at other times. 

For this barometer the attached thermometer is 
within the encircling brass tube, but the scale is 
exposed to view through a slit ; the thermometer bulb 
being well covered, 

When the barometer is not in use, the mercury is 
screwed up into B until about all the air is expelled 
through the hole at S, when the cap at S is screwed 
on and any outflow of mercury is prevented. In this 
condition the barometer may safely be inverted for 
transportation, as the tube A becomes filled with 
mercury long before the mercury in B reaches S; but 
in inverting the barometer the screw cap S must be 
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turned towards the manipulator, and the cistern end 
of the barometer moved upwards to the right (24, 
with the right hand with which it is grasped below) ; 
and in restoring it again to its normal position, S 
must still be towards the person and the exact 
reverse directions be traversed by the right hand. 
In this process of inversion the short tube is kept 
uppeimost, and there is thus no chance for the 
bubble of air to enter the long tube A as it passes 
from S along the short tube B to the highest point of 
the cistern. 

A great theoretical advantage of this*form of in- 
strument is that it admits of a determination of the 
amount of air in the imperfect vacuum above the long 
column of mercury in the tube A. This can be done 
by a double measuing of the difference in the height 
of the me:cury in the two tubes; first when the vacuum 
space in A is four or five inches long, and then again 
after it has been reduced to a fraction of an inch by 
forcing the mercury from the cistern up into both of 
the tubes A and B by means of the lower adjusting 
sciew G. If any air is present in the vacuum space, 
it will be more compressed in the second case than 
in the fist, and the second barometer height will 
consequently be less than the first. The relation of 
this difference to the space occupied by the air, in 
the two readings, allows the amount of air in the 
vacuum chamber to be computed. This is an appli- 
cation of what is known as the Arago method to 
a poitable barometer. In carrying out this process, 
the screw cap S must be entirely removed from the 
baromete:, when the reading micrometer N, vernier 
and all, can be slipped down the brass tubular cover- 
ing, and be used for making the scale reading of the 
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mercury surfaces in the glass tube B as well as that 
in A. 

I have now given some idea 
of the forms of portable barometer 
in common use and also of their 
manipulation, but in all of them 
they have been used as received 
from the maker, already filled with 
mercury. It has long been con- 
sidered desirable to have a form of 
barometer which could be easily 
filled with mercury, so that it could 
be transported from place to place 
with the tubes emptied of the 
mercury, the weight of which makes 
it such a risky matter to move a 
barometer. A number of methods 
have been proposed by which this 
can be accomplished, but none of 
them have been subject to such 
tests as the barometer constructed 
by Piofessor Sundell of Helsingfors, 
which has been brought into very 
prominent notice by having been 
used in the splendid series of inter- 
national barometer comparisons, 
carried out by the inventor, which 
will be spoken of a little later. 
This barometer is shown in Fig, 
21 and Fig. 22, The former shows 
the system of tubes stripped of 
the mounting and the encircling 
brass tube which serves as a scale as well as for pro- 
tection, 
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A duplicate glass tube of a Wild-Fuess barorneter 
is used as a foundation for this barometer, the inner 
diameter of the tubes at the points of observation being 
11r1mm, At the upper end of the tube there is attached 
by melting a spherical bulb A with a content of about 
tloc.cm.; between this bulb and the capillary tube 
B (having a length of 43 cm. and surface aperature of 
1'63 sq. mm.), there is inserted a small spherical bulb a, 
having a content of 5c.cm. The reservoir C, having 
a length of 10 cm. and an inner diameter of 11 mm, 
which is joined to the tube B, is connected with the 
drying tube G by means of a narrov tube which 
prevents any foreign substance from passing from G 
into C, The tube G is stopped up at the top with 
wool, and is fastened into C by means of a cork, the 
joint being made air-tight by means of resin and bees’ 
wax. Asa means of drying, phosphoric anhydric acid 
is used. At the lower end of the contracted tube D, 
a JT tube is melted on, and so bent that the axis 
of the tube LM coincides with the axis of the open 
leg of the barometer tube which terminates at K; the 
two tube ends K and L, which are about § cm. apart, 
are then connected by means of a rubber tube, which 
latter can be somewhat compressed by means of the 
screw P (see Fig, 22). The end of the tube M is 
connected by means of the wrapped tube S (length 
120 cm., inside diameter 5 mm.) with the glass 
reservoir Q which holds 200c.mm. At the top of 
Q is a drying tube containing chloride of calcium. 
In Fig. 22, N is the upper sight having a micrometer 
motion, R is the lower fixed sight, and Y is the 
attached thermometer inside of the brass tube, but 
with scale visible through the slit. The method of 
manipulation is as follows: 
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We will start with the barometer empticd. The 
pure mercury is put into the reservoir Q (Fig. 21), 
after which the cork which is uscd to stop up the 
lower end of G is pierced with a needle, and the screw 
F, which controls admission of the air to the lower 
open leg of the barometer, is tightened to prevent 
the entrance of air into this lower leg. By slowly 
raising the reservoir Q, which can be easily 
done as the tube S is of rubber, and is many times 
larger than represented in the diagram, being 1n 
fact 120 cm. long, the mercury will gradually rise 
in the barometer tube until it has forced the air out of 
the spherical bulb A and the reservoir C. By slowly 
lowering Q the mercury flows back again, and the air 
flowing into the tubes again through G is dried in 
its passage. A repetition of this filling and empty- 
ing process, two or three times, letting the air fill 
the barometer tube each time, will suffice to dry the 
tube thoroughly. The barometer tube is now finally 
filled with mercury and the reservoir Q is allowed to 
rest in the upper holder g, (Fig. 22), which is so 
placed, and the amount of mercury in Q is so chosen, 
that when Q rests in gy, the tube C is just filled 
with mercury. The small opcning in the end of the 
drying tube G is now closed by means of a heated 
knitting needle, which is used to melt the wax which 
had previously been pierced to admit the air. Q is 
then again lowered and C is only so far empticd 
of mercury that the air still remaining in it holds 
in equilibrium, by its tension, a mercury column of 
the height of the capillary tube B. Then the mercury 
will break above at the beginning of the capillary 
tube and draw itself back to the vertical part of the 
tube; on the other side it sinks lower and lower in 
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the bulb A, leaving above it a Torricellian vacuum. 
Q should now be lowered as far as possible in order 
‘to set free any little air bubbles that may have 
found lodgment between the mercury and the sides 
of the tube D. By an additional raising of Q the 
remaining small quantity of air is driven over into C, 
Q is then returned to the holder g, The instrument 
is now ready for making an observation, and the 
distribution of the mercury is as shown by the 
shaded lines in Fig. 21. There is always, however, 
a measurable quantity of gas consisting mostly of 
water vapour remaining in the vacuum chamber ; and 
the amount of this gas must always be determined 
by the method of varying pressures (Arago’s method), 
Sundell has found the gas tension to be somewhat 
variable, being as high as 0°37 mm. and as low as 
‘o7 mm. A full and very interesting account of the 
manipulation of this barometer is to be found in 
Sundell’s rather inaccessible original paper in the 
Acta soc. Fennicae, tome xvi. 

In regard to the accuracy of the readings (which 
must not be confused with the absoluté accuracy of 
the instruments as referred to a common standard) of 
the various forms of portable barometers, itis difficult 
to give positive values, and the following are some- 
what, although not entirely, personal estimates. If 
two ordinary Fortin barometers are compared with 
each other, the readings differ by 0:25 mm. from one 
comparison to another. In other words, if we know 
the error of the barometer as compared with ‘an 
accurate standard instrument, we can be pretty sure 
of obtaining the true atmospheric pressure to within 
0°25 mm, by a single reading at any time. A Fortin 
barometer of the highest class will give single read- 
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ings, with an accuracy of perhaps o'r2mm. A Wild- 
Fuess (syphon-cistern) barometer of the best con- 
struction will give single readings with an accuracy of 
perhaps o'o6 mm. For the latter instruments, if a 
-series of ten readings is made simultaneously on two 
barometers, and each difference is subtracted from 
the mean of the ten, the average deviation of the 
single readings from the mean should not be more 
than 0°03 mm. There have been constructed a very 
few Fortin instruments which could perhaps be read as 
closely as the Wild-Fuess barometers, but the personal 
equation between two observers is undoubtedly less 
for the Jatter form of instrument, 

Standard or Normal Barometers--All ordinary 
barometers must first be compared with a standard 
barometer before the results obtained by them can 
be used, as they are never perfect in construction and 
differ among themselves. In practice the following 
plan has been usually carried out. A barometer of 
unusually good construction, in the filling of the tube 
of which great care has been taken, is selected to be 
used as a standard, and mounted permanently at 
some observatory of repute. This is adopted as a 
standard for the observations officially made by the 
country or state, and the barometers used in making 
observations in this region are compared with it, 
This comparison is made either by bringing the 
barometer, to be compared, to the observatory, and, 
making the comparison with the standard direct; or 
else by comparing a barometer with the standard and 
then carrying this second barometer to the observing 
station, and comparing it with the observing baro- 
meter in the location and condition in which it is to 
be ysed for actual observations, This last mcthod is 
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considered the best, although a slight error enters 
into the comparison due to the use of the intervening 
portable barometer. 

With the gradual increase of accuracy in making 
barometric observations, and especially in the more 
frequent combination of the observations made in 
different lands, it became evident that these so-called 
standard barometers should be replaced by still more 
accurate instruments which should have an absolute 
accuracy, and which should agree with each other the 
world over, afer certain theoretical corrections had 
been applied to their readings. This great reform, 
which we owe more to Professor Wild (of St. Peters- 
burg), than to any other single individual, has only 
partially taken place, and is still in progress; and it 
is this progress which I propose to outline. It would 
requile a special treatise on barometers to contain a 
complete description of all the normal instruments 
now in use, and so only a brief mention can be made 
here of the different constructions; and, as these 
differences occur mainly in the method of reading 
the height of the mercury column, they are pointed 
out in the text treating of the errors of this operation. 
I have, however, given diagrams of many normal 
barometers, descriptions of which have been pub- 
lished ; believing that such a complete series has not 
been heretofore collected in any single publication. 

Regnault’s ncermal barometer at the Collége de 
France, Paris, was the first instrument constructed 
that could lay claim to this title This barometer, 
which was constructed for his own use in carrying 
out the investigations described in his famous memoir 
published in 1847, had its origin in his desire to do 
accyrate work rather than in any idea of establishing 
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a standard barometer, with which other and less 
accurate instruments might becompared. Regnault’s 
normal barome- 
ter (Fig. 23) was 
a combined ma- 
nometer and 
barometer. The 
tube A in the 
illustration is the 
barometer tube, 
and the tube B 
(towards which 
the reading tele- 
scope of the 
cathetometer 
points) is the ma- 
nometer tube. 
Experiments at 
the Kew Obser- 
vatory during the 
years 1853~4 re- 
sulted in the final 
establishment in 
1855 of the Kew 
normal baro- 
meter (Fig, 24), 
the cathetometer 
belonging to Nl 
which was some- rr 
what similar to, See eee: 
that shown in 
Fig. 23. This was really the first normal barometer 
set up as a standard for metcorological purposes, 
The Regnault and Kew normals are not very different 
in construction, 
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About ten years later, in 1866 or 1867, Wild 
established at Berne a normal barometer which 
embodied the main ideas of the 
instrument established by him a 
little later at the Central Physical 
Observatory at St. Petersburg, 
and which is shown in Fig. 25. 
#} For outline plan see Fig. 31. 

Another pause of ten years 
followed, during which Wild, 
Neumayer, Hellmann, and 
others, strongly urged the estab- 
lishment of other normals ; and 
then, in 1881, the Fuess normal 
barometer (Fig. 26) was mounted 
at the laboratory of the Normal 
Standards Commission in Berlin. 
This and another barometer 
mounted about the same time 
aby Pernet, at the International 
Bureau of Weights and Measures 
at Sévres, followed out in the 
main the method of construction 
proposed by Wild. 

About 1882, Marek’s normal 
_ barometer (Fig 27) was estab- 
lished at the International 
Bureau of Weights and Measures 
at Sévres; and in 1883 a Iuess 
normal was obtained by Neu- 

Har ats mayer, for the Deutsche Seewarte 
at Hamburg (Fig. 28), A new normal barometer 
of novel construction was mounted, probably in 
1886 (perhaps in 1885), by Sundell, at Helsingfors 
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(Fig. 29), according to a plan proposed by him some- 
what earlier, 
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The latest addition to this list of normal barometers 
is the one mounted by Wild at the observatory at 
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Pawlowsk, Russia, in 1887; but the details of its 
construction have not yet been published. 
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These various normal barometers may be divided 
into two classes. The Regnault and Kew normals 
form the first class, in which the practically straight 
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barometer tube projects into a cistern of mercury, 
and the methods of reading the upper and lower 





















































mercury surface are quite unlike. The remaining 
normals belong to the second class, inaugurated by 
Wild, in which the tube is of syphon form, thus 
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permitting the same system of reading the mercury 
surfaces to be used above and below ; and an acces- 
sory cistern of mercury 
to be used in adjusting 
the surfaces is connected 
with the barometer tube 
at the lower bend: this 
form of barometer is 
most distinctly shown in 
Fig, 28, as the usually 
accompanying mano- 
meter is not attached in 
this case: this is the 
tiormal barometer at the 
Deutsche Seewarte, 
Hamburg. The special 
differences in these ba- 
rometers will be pointed 
out in appropriate places 
in the mention of the 
various errors pertaining 
to these instruments. 
Sources of Errors it 
Barometers —There are 
many sources of error 
in determining the true 
atmospheric pressure, 
Regnault claimed for his 
normal barometer, that 
the inaccuracy was not 
greater than O10 mm. 
Wild, however, set the 
admissible outside limit of any ctror at o’ol mm. ; 
and he adopted this as a criterion in the investigation 





Fie, 28. 


APPARATUS AND METHODS. 79 


of the St. Petersburg normal (Fig 25), which he 
claimed, and I think justly, to be the first normal 
barometer ever fully investi- 
gated for its errors with this 
precision. 

I will now make a brief 
mention of these special 
sources of error, and give the 
precautions necessary to keep 
the errors within oor mm. 

1. Effect of the changes of 
temperature of the mercury, 

For an ordinary temperature, 
_ of say 20°C,, the mean tem- 
perature of the mercury 
column, for its entire length, 
must be détermined with an 
accuracy of +0%07 C, This 
can only be done by mount- 
ing two, and perhaps three, 
thermometers at different 
points close to the barometer 
tube, and they must have their 
bulbs immersed in glass tubes 
containing mercury, and with 
diameters the same as for the 
barometer tube. 

2. Influence of temperatures 
on the brags scale, 

At about 20° C., the reading 
of the scale temperature must Fic, 29. 
have an accuracy of --0%7 C. 

3. The correction to standard gravity. 

The latitude of 45°, and sea level has been adopted 
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as the place to which the observations are to be 
reduced as a mean point ; and whenever the place of 
observation is more than 8’ (two geographical miles), 
{rom the latitude 459, or is more than 42 meters above 
the sea-level, the gravity correction must be applied. 

4. The impurity of the mercury. 

It is much easier to obtain pure mercury than to 
use that which is not pure, and then have to deter- 
mine the specific gravity of it; which it would be 
necessary to do in order to prevent an error of more 
than two units in the fourth decimal place of this 
constant. 

Mercury of sufficient purity can be obtained by first 
washing commercial mercury in dilute acid; shake 
the bottle containing the combination frequently 
during several days, and then pour off the acid, 
and wash the mercury in pure water. Now pour it 
into a clean glass vessel containing some chloride of 
iron, which being removed, and the mercury being 
filtered, it is ready for distillation ; and this can be 
done by means of a Weinhold distilling apparatus, 
or Wright’s modification of the Weinhold form. 

5. Inclination of the reading scale. 

In mounting the graduated scale, great care must be 
taken to get it vertical, and it must be so firmly fixed 
that it cannot be easily moved by any jarring, A 
plumb line suspended from a steady support will do 
to show the verticality with sufficient accuracy. 

6. Error of scale graduation. 

The only way to find out this error is to compare 
the scale graduations with a normal scale of known 
accuracy. The comparisons must be made, not only 
for the extreme length of the scale, but also for 
perhaps a dozen points throughout the length, 
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Much of the accuracy of the scale reading depends 
upon the carefulness with which the graduation has 
been carried out, 

' y, Elasticity of the-scale, 

The scale having been compared with the normal 
in a horizontal position, and then hung vertically 
suspended from its upper end, the length will be 
found to have increased o'o1 mm. when the whole 
weight supported by the scale amounts to 0'8 kilo- 
grams for each square mm. of cross section. 

8. Influence of gas in the vacuum chamber. 

In the filling of a barometer tube with mercury, it 
is impossible to obtain an absolute vacuum, and the 
difficulty increases when the attempt is made to fill 
the complicated system of tubes of a modern normal 
barometer. It has been customary in the best in- 
vestigated normal barometers to fill the tubes as care« 
fully“as possible, and then determine the amount of 
gas in the vacuum by means of the Arago method 
already referred to. That is, to measure the height 
of the mercury column when the mercury is low in 
the main tube and the length of the vacuum space is 
several inches, and then make @ reading when the 
mercury has been raised in the tube until the vacuum 
space has been reduced to very small dimensions, 
The difference of the two readings compared with 
the dimensions of the vacuum space in the two 
instances, permits a determination to be made of the 
pressure of the gas which is to be applied to the 
actual readings of the instrument in order to reduce 
them to the case of an actual vacuum, For one of 
the normal barometers at the International Bureau of 
Weights and Measures at Sévres, the reading of the 
normal barometer must be corrected by --o'r3 mm. 
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to allow for the pressure of gas in the vacuum tube. 
The St. Petersburg normal requires a correction of 
about o'o6 mm. for the same purposes. The amount 
of gas in the vacuum tube depends principally on 
care in filling. 

The best method for accomplishing this last is the 
oneused by Wild at St. Petersburg, and also adopted 
at Sévres. In the purification of mercury by the 
Weinhold process, it is distilled directly into the 
barometer tube, after the tube (and the system of 
tubes) has been exhausted of air as far as can be done 
by use of a mercurial air pump.* 

Wild mentions the fact that in 1874 he used a 
Weinhold’s distilling apparatus for filling barometer 
tubes. In 1883 I found this was still in use, and 
giving excellent results, with almost no danger to 
the barometer tube. The diawing given here (Fig. 
30) is from a rough sketch I made of the apparatus, 
and is merely intended to give an idea of its shape and 
general appearance. It is drawn only approximately 
to scale, and shows the system of tubes emptied of air. 
All of that part to the left of the point P pertains to 
the mercurial air pump. A is the reservoir of mercury 
to supply the air pump, and the mercury flows into the 
tube C by way of the small hole E, which flow can be 
regulated by the handle B which moves the cover of 
the hole E. The mercury falls through the tube H into 
L and passes out through M into N, from which it is 
forced back into A again. For expediting matters, 
the tube G is used (G is shorter than thiity inches), 
and I and K are filled with mercury, which is drawn 
up through G and passes over into L by way of H. 


* See Wild’s monogiaph on barometers in the Russian Reper corinne 
Jur Meteorologee, Band ITI. p. 145. 
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The mercury to be distilled and put into the barometer 
tube is poured into Q (having been fiist washed in 
acids, &c.). W is the barometer tube to be filled, and 
V is a short piece of unvulcanized rubber connecting 
W with the long glass tube R, the joints being sealed 
with sealing-wax. ZZ is an arrangement for drying 
the air, + is a stop-cock, R is a long tube running 
fiom # up through Q and inside of the tube S into 
T where it hasan opening. NS isa tube passing into 
the meicury in Q, and has a large bulb (perhaps five 
or six inches in diameter) T at the top. The gas 
burner for heating the mercury is just below T, and 
encircles S, In operation, pour some mercury into 
A, K, and I, and the mercury to be distilled into Q. 
Open #, and by turning or raising B form a connec- 
tion between A and C by E: the mercury now flows 
thiough C into L and carries air with it, causing 
more air to enter the system of tubes ZZ, where it is 
dried. After this has been continued until the 
original air has been expelled from the tubes, the 
cock # is closed (alternately opening and closing 
this duting the operation just described is best). 
When x is closed the air of the system becomes 
tarified by the action of the air pump, and the 
mercury in Q rises into S (atound R) up into T, but 
not up to w The mercury also flows from K up 
into G and over into H. When the air has been 
thoroughly exhausted from the system of tubes, then 
the buiner under T is lighted, and the mercury in 
T will distill from T over into w, and fall through 
the cooling chamber R down into the barometer 
tube, where any vapour that may pass into P will 
condense into O. When W is filled with the pure 
mercury then the flame is extinguished and x is 
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turned, and air let into the system. The barometer 
tube is then taken off by melting the wax, and is 
then ready for use. Paraffin is a good material for 
covering joints, and does not soil the mercury 
During the operation of filling, the bubbles must be 
forced out of the tube by means of a Bunsen burner, 
that can be passed along the batometer tube and 
directed on to the place where any bubble is seen. 

In filling a* barometer of the Wild-Fucss control 
pattern having a tube of eleven millimetres diameter, 
about 375 grammes +25 grammes of mercury is uscd ; 
and it must not be forgotten to wash the mercury 
carefully in acid or chloride of ion before using. 
It is better to distil a little mercury into another 
tube first, so that any oxide of mercury that may be 
piesent can pass off, and then change to the one to 
be filled. This is unnecessary when the apparatus is 
in constant use for distilling. It takes from fifteen to 
thirty minutes to get the air out of the tube, and the 
accomplishment of this can be recognised by the noisy 
action of the mercury in the air pump. 

In the Helsingfors normal barometer, Sundell has 
for filling the tubes the airangement shown in Fig, 
29. The upper chamber B is connected with a 
drying vessel T, which contains phosphoric anhydric 
acid, and which in turn connects with the mercurial 
air pump LL’. The spherical bulbs LL' have a 
capacity of 193 cubic centimeters, Pure mercury 
is poured into the lower chamber B, and the mer- 
cury air pump is put into operation by filling the 
lower bulb L’ with mercury and then raising it up 
until the mercury rises up into L, fills it (which 
necessitates the addition of more mercury to L'), and 
overflows into the tube shown on the left, Now 
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lower L' until the mercury in the tube connecting L 
and L! is a little below the tube connecting it with 
the barometer tube. Pour mercury into Z and it 
will pass from the natrow tube into L and down- 
wards, The circulation of the mercury is kept up by 
adding mercury to Z, and, I suppose, by lowering L’, 
as there is no conveniently arranged overflow tube 
joined to L’. The air is gradually exhausted from 
the barometer tube by being carried out through L’, 
and as gradually the mercury rises from lower B up 
through R and flows out through O into upper B until 
the vacuum is as complete as possible; L’ is then 
lowered and the mercury assumes the position shown 
in the Fig.29. Sundell claims that the gas pressure 
in the vacuum can be reduced to o‘oo§ mm. by this 
process. 

g. Errors of Capillarity. Very little reliance can 
be placed on capillary corrections for small tubes, 
and in order to reduce this capillary correction to less 
than ‘or mm,, the baromcter tube must be at least 
24 mm. (about 1 inch) in diameter, and just before 
each observation the mercury must be made to rise 
in the two legs of the tube, In the normals at 
Helsingfors (Fig. 29) and at Pawlowsk the inner 
diameter of the mercury chambers at the place of 
-reading is about 40 millimeters. 

The mercury is made to rise in most of the 
barometers of the Wild form by raising the accessory 
connected reservoir M (Fig 28), but Sundell has a 
plunger N (Fig. 29) which is lowered into the reser- 
voir by means of a screw motion. 

10, Errors of the methods of reading the height of 
the mercury column. In order to keep the error of 
reading down to the limit fixed upon (‘or mm.), the 
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utmost precautions must be taken in the whole detail 
of making the readings. Up to about 1873, there 
had never been a barometer that had been read with 
this desired accuracy, The various errors in reading 
may be arranged systematically as follows :— 

a. The readings must take place in the same way 
for both mercury surfaces, that is, both surfaces must 
be as neatly alike as possible, both as regards form 
and method of reading; and with any arrangement, 
such as the Fortin, where the top and bottom readings 
are made differently, the desired accuracy could not 
be attained. This form is shown in Regnault’s baro- 
meter (Fig. 23) where the mercury surface at A is 
observed, and then by means of the cathetometer 
telescope the top of the adjustable screw M (of 
known length) is also observed. 

The modern method of bending the tube of a 
syphon‘barometer, so that the lower mercury surface 
is directly beneath the upper one, gives two suifaces 
as nearly alike as can be obtained. This is best seen 
in Figs. 28 and 29, and also 31. 

6, The mercury must be raised in both tubes just 
before the reading is made, and this is done by 
having another tube (of rubber) leading from the 
bend in the syphon to a small mercury reservoir 
(Fig. 31), that can be raised or lowered at will, thus 
changing the height of the mercury in the two legs 
of the syphon, This is also necessary for getting rid 
of capillary errors as alieady described. 

¢ With the ordinary foim of cathetometer for 
reading the height of the mercury, only the most 
skilful observing and careful adjustment could give 
the desired accuracy, because the reading microscope 
must be at a little distance from the barometer tnbe 
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on account of changes due to heat from the body. 
So, in all modern barometers the cathetometer scale 
is suspended close to the barometer tube, and two 
ieading microscopes are mounted on a vertical stand 
at a distance of several feet from the scale and 
barometer. When a reading is to be made, the cross 
hairs of the telescopes are set on the upper and lower 
mercury surfaces, and then the microscope 
stand is turned slightly around the vertical 
axis, ‘and the telescopes pointed to the 
scale and the divisions read off, the fractions 
of the divisions being read by means of 
micrometers on the microscopes. In Fig. 
27 the brass scale RR is shown at the 
right, the old or less accurate form being 
well shown in Fig. 23. 
In the Helsingfors barometer (Fig. 29) 
the scale divisions are 
ruled directly on the 
glass tube SSSS., and 
are 1ead by means of the 
microscope MM. A 
similar method, pro- 
posed by Thiesen, is (I 
believe) adopted for the 
. new Pawlowsk normal 
Fa. 31. barometcr. This is 
mainly, however, to aid in reducing the error next to 
be mentioned, 

@. It is important to be sure that the reading of 
the true mercury surface is obtained. In order to 
accomplish this, various forms of illumination have 
been proposed, and a steady improvement has been 
made. At first a piece of white paper, or other 
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light reflector, was put behind the barometer tube, 
and the dark mercury surface projected against this 
background was observed with considcrable accuracy. 
In the Wild normal barometer (see g and g' at the 
right in Fig. 25) there is a plate, which is half black 
and half white, behind the mercury column, Fora 
telescope reading the upper half is black and the 
lower half white, and the dividing line is brought just 
above the mercury surface, so that the top of it is 
projected against the white surface, and the black 
surface is just above, for contrast. For a microscope 
reading the white and black surfaces are reversed 
in position. In the Fuess normal barometer of 1881 
(see Fig. 26) at the Normal Standards Office, Berlin, 
we find a different method of illumination by means 
of reflectors, Here the barometer is in a dark under- 
ground chamber, and gas illumination alone is used. 
The iays of light, which are rendered parallel by 
interposing a lens, strike the mirror S, and are 
reflected upwards to mirrors on the collimators C, Ca, 
and are by them directed through the collimator to 
those points to be read by the microscopes. Behind 
the meicury surface to be observed are double reficc- 
tors (see S; S. at N) with a space between. The left 
side of the front opening of the collimator is partially 
closed by a cover with sharp horizontal edge, and 
which has a fine vertical motion by means of a screw. 
The light from the right half of the collimator falls on 
the scale to be read, but that from the left half falls 
first on the reflector S,, is reflected to S., and finally 
over the top of the mercury surface at N back to the 
microscope, The image of the sharp horizontal edge 
of the partial cover on the collimator is seen in the 
centre of the mercuty surface after the double refle¢- 
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tion, and is sharply defined in the reading microscope. 
This is essentially the same as the black and white 
background of the Wild barometer (Fig. 25), but 
is more convenient and probably more accurate, 
Perhaps the best method, however, is that proposed 
by Marek and used in reading one of the normal 
barometers at the International Bureau of Weights 
and Measures at Sévres (Fig. 27). At least as early 
as 1873 Wild used a method of making an accurate 
reading of the mercury height in the open tube, by 
causing a needle to descend the middle of it, until 
the point almost touched the mercury, (I have 
recently seen a reference to this as Petnet’s method.) 
In this way a sharp image of this needle point will 
be seen in the mercury, and if a setting is made of 
the microscope cross wires on this reflected image, 
and then on the point of the necdle itself, the mean 
of the two readings will give the height of the 
mercury surface with great accuracy, (Any one can 
perform this expeiiment by taking a thin glass bottle 
an inch in diameter and pouring a little clean 
mercury “into it; then insert a necdle from the top, 
and place the eye on a level with the mercury sui face, 
Both the needle point and its reflected image can be 
seen with great distinctness.) This is not so easily 
done in the closed tube, but Marek has found and 
applied a method. By means of a collimator, as 
shown at HH on the right in Fig, 27, the image of the 
cross wires is formed in the middle of the barometer 
tube just above the metcury surface. This image and 
the reflection as seen in the mercury are both observed, 
and the mean of the two is taken as the surface of the 
mercuty, This is done for both the upper and lower 
mercury surfaces. The error of a reading is about 


APPARATUS AND METIIODS. or 


‘coors mm., as found by Marek; this is far within 
the necessary limits, and the method is so simple 
that it will probably be used very extensively in the 
future. Thiesen has proposed another modification 
of this principle, He uses a wide barometer tube, so 
that the observing mercuty surface will be about 
4o mm. in diameter, and a pencil point or other 
sharply defined object is placed outside the tube, 
but near it, where this object observed directly and 
also its image reflected in the mercury can be used 
as points of observation ; and the graduations can be 
on the barometer tube, thus greatly simplifying the 
manipulation of the normal barometer. This method 
has been applied by Sundell, and can be seen in Fig. 
29, where the scale divisions are shown between SS 
and SS opposite the reading microscope MM.” (It 
must be remembered that Fig. 29 is merely a sketch 
of the plan of the actual instrument.) Wild also 
mentions the application of Thiesen’s method to the 
new normal barometer at Pawlowsk. For an illumi- 
nating power the electric light is undoubtedly the 
best. 

In the case of the Kew normal barometer (Fig. 24) 
there are two steel pointers about two inches long, 
and one has the edge curved like the meniscus in the 
barometer tube. The lower end is in one case a knife- 
edge rounded like the upper meniscus, and in the 
other a point ; both aré brought in contact with their 
reflections, The mercury is agitated in the tube by 
rotating the barometer and so producing a slight 
vertical movement by centrifugal action in the cistern, 
and the result of this is assumed to be the equivalent 
of the Foitin cistern action. 

e, Considerable attention has also been given to 
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another error which may enter into a barometer 
reading and which is due to the influence of the 
wind. If a barometer is placed to the leeward or 
windward side of an obstacle, its reading will be 
slightly decreased in the former case and increased in 
the latter. Theory gives unsatisfactory values of the 
amounts of this error. Abbe supplies the following 
theoretical table of increase of pressure on the wind- 
ward side :— 


Wind, Miles per hour 20 40 60 80 120 
Increase of barometric 
pressure in inches,.,, o'o1§ «0°06 += 0138-0383. 0548 


In order to determine the amount of this error 
within a room, experiments were made on Mount 
Washington. by the United States Signal Service in 
1886, and the following table shows the results; but 
it must be remarked that a barometer could not be 
read with the greatest accuracy in such a high wind 
on account of the unavoidable jarring of the building, 
and consequently of the instrument :— 





WIND. EFFECT ON BAROMETER OF OPENING THE~ 






































Averagel Guets Beri Leeward window. weet 
Direc- velocity (miles ere 
Date, * (miles 
tion. per er Aspect Aspect 
hour). | hour). | Efect.| of | Effect. |" of | Effect, 
H Window. indow. 

1886, | Inch. Inch. Inch. 
Sept. 29| W.N.W.] 65 ~ 8 —o'oos | E.N-E, | —o'org | W.S.W, | +0'029 
Sept. 29) WLN.W.} 6g 85 +Fo'003 | E.N.E. | ~o'008 | W.S.W. | +0'048 
Oct. 151 W.S.W, 70 85 +0'o06 | IE.N.E. | —otorx | W.S.W. | +o'ogs 
Oct, ez} W.S.W. 65 80 bo'oog | E.N.E, | ~o'or8 | W.S.W. | +0°062 
Oct. 22) N.N.W. 70 go eae E.N.E. | —o’o25 | W.S.W, } -o'a32 








Comparison of Standard or Normal Barometers,— 
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Since the establishment of truly normal barometers, - 
it has become very important that they should be 
compared with each other, and that the older standard 
barometers of various countries should be compared 
with them. Since the report of Professor Neumayer 
(of Hamburg), there have been not only numerous 
comparisons between isolated standards, made 
during the travels of individual meteorologists, but 
there have also been several series of comparisons of 
international standards made by persons who have 
carried portable barometers from place to place with 
the aim of determining as nearly as possible the 
differences existing between these standards and 
so-called normal barometers. The results obtained 
in this work are far from satisfactory, and show very 
clearly that Wild was right when he urged that each 
meteorological service must have its own thoroughly 
investigated normal barometer which will furnish 
normal readings at any time; and that it will not do, 
as is commonly supposed, to use an ordinary barometer 
as a standard, on the strength of its having been com- 
pared either directly or indirectly with a true normal 
barometer located at some distant place. 

Hellmann, of Berlin, has at various times compared 
many of the European standard barometers, but as 
his results have not all been collected and reduced to 
any one system, they have not been included in the 
table given here. In 1881 Chistoni, of Rome, carried 
a portable barometer of good construction to various 
cities of Europe, and made comparisons with standard 
barometers there, but we do not understand that the 
journey was made especially for the purpose of com- 
paring these instruments. In 1883 F. Waldo, then of 
Washington, U.S,, also made a comparison of various 
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standards, not only in Europe but later also in 
America, in which from one to four portable baro- 
meters of the Fuess-Wild (Fig. 20) pattern were 
used, In 1886 Sundell, of Helsingfors, by means of a 
single barometer (see Fig. 21), which was carried from 
station to station with the tube emptied of mercury, 
made the most extensive series of comparisons yet 
undertaken. I cannot refrain from expressing regret 
that he did not also carry a barometer of the usual 
construction, the tube of which should remain filled 
during the journey. In 1887 Brounow, of St. Peters- 
burg, also made, by means of a single barometer, a 
long series of comparisons of various European baro- 
metric standards. The results of these four separate 
series of comparisons, which may be said to give the 
present state of our knowledge, are to be found in the 
table on page 95. The figure I after the name of the 
barometer mentioned, shows that the comparison was 
not made directly with this normal barometer, but 
by means of a second instrument adjacent to it, the 
relation of which to the normal was known. 

The bracketed numbers after the results given 
for Waldo’s observations denote the number of the 
portable barometers used in the comparison; in 
this series the observations at Berlin, and a portion 
of those at St. Petersburg, were not made by Waldo, 
but entirely by meteorologists at those places, In 
the last column are given the corrections to some of 
the various barometers, as applied at the institutions 
where they are located, in order to reduce their baro- 
meter readings to some adopted standard. These 
are as given by Sundell for the date of 1886 or 1887, 
except in the case of Toronto, Canada, which was 
obtained by Waldo in 1883 ; and in the results given 
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TABLE OF RESULTS OF INTERNATIONAL BAROMETER COMPARISONS. 


PLACE OF 
CoMPARISON 


INSTITUTION WHERE THD 
ComPARISON WAS MADE. 





Paris. 
” 
” 


Berlin. 


” 


Meee 
amburg. 
Kew. a 
Rome. 
Stockholm, 


Christiania. 
Copenhagen. 
Brussels 
Utrecht. 
Zurich. 
Munich. 


Chemnitz. 
Helsingfors. 


Washington. 
Toronto. 


Central Meteorological Bureau. 

Astronomical Observatory. 

International Bureau of Weights 
and Measures (Sévres). 


Meteor Jogical ‘institute. 
Normal Standards Commission 


” 
Central Meteorological Institute. 
Deutsche Seewarte. 
Observatory. 
Observatory. 7 
Academy of Sciences, 


Meteorological Institute. 
Meteorological Institute. 


Astronomical Observatory. 
Meteorological Institute. 
Swiss Central Office. 


Meteoralogical Institute. 


Meteorological Institute. 
Laboratory of Professor Sundelli, 
Meteo ological Institute. 


co 


Signal Service. 
Canada Meteor. Observatory. 
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DESIGNATION OF THE 
BAROMETER 


Regnault x. 
Fortin 
Wild-Pernet rx. 
Marek x. 
Chappuis z. 
Fuess, No. 76 
Greiner, No. 320. 
Normal Barometer z. 
Pistor, No. 279. 
Normal Barometer z. 
Standard Barometer. 
Deluil, No 6. 
Pistor and Martins, 
No. _579- 
Wild-Fuess, No. 214. 
Junger and Co 
Wald-Fuess, No. 87. 
Fortin-Tonnelot. 
Becker. 
Wild Fuess, No. 168. 
Fuess, Syphon bar. 
Wiid-Fuess, No. 43. 
Wild-Fuess, No. 4. 
Wild Fuess, No. 163. 
Normal Barometer. 
Wild Fuess, No. x29 
Casella, No. 1155- 
Gurgensohn. 
Standard. 
Newman 33- 
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in the present table these ‘corrections have been 
applied. This table is as compiled by Schénrock, of 
St. Petersburg, with some slight additions and a single 
correction. The negative sign indicates that the 
amount of the correction is to be subtracted, Where 
no sign is given a positive sign is to be under- 
stood. 

It is seen from this table of recent intercomparisons of 
standard barometers that the results obtained are quite 
contradictory. In 1889 Schonrock attempted to find 
out the causes of these discrepancies, but was ablé 
to offer only very general possible explanations. In 
1890 Koppen made a more critical study of this same 
material, with somewhat better success; but even he 
was unable to find any definite reasons for the great 
differences existing for the individual barometers. He 
finds, however, that if a correction of ~o'‘09 mm. is 
applied to Waldo’s observations as referred to the St. 
Petersburg normal, and a correction of +o'Io mm, to: 
Sundell’s, and —o0°06 mm. to Brounow’s observations, 
then a much better agreement is found to exist 
between the comparisons. It may be added that 
Wild finds that the new normal at Pawlowsk prac- 
tically agrees with the St. Petersburg normal ; and as 
late as 1889 Schonrock says that at that date these 
two normals and Sundell’s normal at Helsingfors 
were the only ones whose errors had been thoroughly 
investigated. Speaking generally, the following 
causes may be assigned as accounting for some of 
the discrepancies of the results given in the previous 
table : 

Sudden changes may occur in the barometer 
readings, due to displacements of some portions of 
the apparatus, 


APPARATUS AND METIIODS, 97 


Gradual changes undoubtedly occur in all baro- 
meters with greater or less degrec of slowness, 

Where an intermediate sub-standard is used in the 
comparison, its readings may change before it is 
compared with the normal. 

Insufficient number of days of comparison, and 
variation in the height of the barometer. 

Differences in illumination undoubtedly exist for 
the various compatisons, due not only to the diurnal 
variations of light, but also to the fact that the 
portable barometers have not been mounted in 
exactly the same place and position in each com- 
parison at any one observatory. A uniform artificial 
illumination is certainly to be recommended in all 
future comparisons of this kind. 

Insufficient investigation of the normal barometers 
prevents an invariable normal reading being obtained 
at the different times. 

Fluctuations due to capillary changes in all baro- 
meters with tubes having small bores would un- 
doubtedly account for differences as large as those 
found in most of the comparisons that were made, 
and the careful experiments of Schonrock about to 
be mentioned will show the folly of placing any 
reliance on the usually applied tables of capillary 
corrections for tubes of various bores, 

Capillary Action in Barometer Tubes.—In the case 
of barometer tubes in which there exists a capillary 
depression, there are changes occurring in the form 
and height of the meniscus, which materially 
change the readings of the instrument. Wiebe, 
Thiesen, and others have made some investigations 
on the absolute amount of these changes, but the 
question needs much more notice than has yet 
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been given to it. While this change is due mainly 
to the tube becoming fouled, yet other items 
also must be taken into consideration. Schin- 
rock has made some very interesting comparative 
experiments on tubes having. different bores, using 
the 25:2 mm. diameter barometer tube of the St, 
Petersburg normal as a standard. He finds that: 

1. For the tube 12°38 mm. in diameter under dif- 
ferent circumstances of pure and impure (oxidized) 
mercury the depression varied from 0'23 mm. to O'41 
mm. For comparatively dry air over the meniscus 
the variation was considerable, and the greatest read- 
ings were obtained ; but when the air was about 
saturated with moisture regular readings of about °33 
mm. were obtained. With this same bore of tube, 
and for clear mercury and dry air above, a depression 
of 0°39 mm. gave a meniscus of 1°72 mm. height 
when the pure mercury was slowly raised in the tube, 
and of 1°44 when it was raised rapidly. 

2, For the tube of 112 mm. bore, for pure mercury 
and dry air above, the depression varied between 0°45 
and o'§2 mm.,, with an average depression of o'49 mm.; 
for moist air above the mercury the variation was 
between 0°43 and o'47 mm., average o'45 mm. 
The depression varied between 0°34 and 052 mm. 
in all the experiments, The height of the meniscus 
was 1°36 mm, for a rapid rise, and 1°45 mm. for a slow 
rise for pure mercury, 

3. For a tube 8:4 mm. bore, the depression varied 
between o’69 and 0°83 mm., with average depression, 
o'78 mm. for dry air above the mercury, and o-71 mm. 
for moist air; the greatest extremes were 0'56 and 
o85 mm, The height of the meniscus was 1°25 mm. 
for a slow rise, and 1'o5 mm. for a rapid rise of the 
mercuty. 
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4. For a tube 64 mm. bore, the variation of depres- 
sion for dry air above, was between 1°13 and 1'25 min, 
with the average depression 1'18 mm.; for moist air, 
between o'g!I and 109 mm., with the average 1:00 mm. 
The greatest extremes of depression found were o'g1 
and 1°34.mm. The height of the meniscus was I'II 
mm. for a slow rise, and o’80 mm. for a rapid rise. 

Such differences as these show that no reliance 
whatever can be made on the usually published 
corrections for the capillarity of small tubes, if one 
_ wishes to obtain accurate results. 

The Aneroid Borometer—Concerning this instru- 
ment I will only briefly remark that it is chiefly use- 
ful as a house barometer, and should never be relied 
on for scientific purposes where great accuracy is 
required, It is a very delicate instiument, and, being 
subject to sudden changes, can only be used -with 
confidence when it can frequently be compared with 
a mercurial barometer. Before an aneroid can be 
used at all, it must be carefully compared with a 
standard mercurial barometer at all of the various 
temperatures and pressures to which it may be sub- 
jected in its use. The effects of the changes of 
temperature vary for diffcrent. instruments, Wild 
gives the following changes with time, in the correc- 
tions of an aneroid by Goldschmid: April, 1869, cor- 
rection=-—15'13 mm.; December, 1873, correction== 
~2716mm. Another instrument by thesamé maker 
changed its correction only 2'5 mm. in three years, 

A thoroughly investigated aneroid of the best con- 
struction can be relied on to within.o'2 mm., only when 
frequently compared, and when kept in one position. 
In travelling, the readings of an aneroid may be con- 
siderably altered, and it -is impossible to fix a limit 
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to its inaccuracy. The instrument must always be 
gently tapped with the finger before a reading is 
made, and it is also necessary to observe the tempera- 
ture and apply a corresponding correction just as for 
a mercutial barometer, but the same table of correc- 
tions does not apply to all ancroids of the same 
construction, as is the casc for mercurial barometeis, 

The Therimo-Barometey—If a thermometer is 
carried to an elevation above the sea-level it will 
be found that water will boil at a lower temperature 
than at sea-level; this is due to the decrease in 
atmospheric pressure, The law of this change in the 
temperatuie of free steam with the change of pressure 
is known, and if this tempeiature can be accurately 
observed the atmospheric pressure can be computed. 
In order to determine the pressure within --o'r mm. 
the enor of the temperature determination must not 
exceed -+-’004°C., and any such accuracy is simply 
impossible However, thermometers are now con- 
structed of Jena glass, by means of which the pressure 
can be détermined within, say, 03 of a millimeter 
with portable apparatus in the laboratory, but it 
seems doubtful if this accuracy can be attained during 
ajourney. This boiling-point apparatus is, however, 
far preferable to an aneroid barometer when no mer- 
curial barometer is available for comparison. The 
general piccautions and methods used for determining 
the boiling point on a standard mercurial thermo- 
meter are applicable to the manipulation of this 
instrument, 

Barographs.—lt has long been considered desirable 
to record the readings of a barometer automatically, 
and in accomplishing this many different forms of 
mechanical constiuction have come into use. These 
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can be divided into the following classes: 1. The 
purely mechanical arrangement, which has a float in 
the open leg of the barometer, and the motions of 
this float are recorded. 2. The electrical method, in 
which a platinum wire is made to descend the open 
leg of the tube, and when this wire, which is a pole 
of a battery, reaches the meicury surface, a circuit is 
closed by having the other pole already touching the 
mercury. The varying distance the wire moves from 
a certain point in order to reach the mercury surface is 
measured, and the successive measurements locate the 
barometric curve. 3. The photographic method, by 
which the height of the mercury in the closed leg of 
the barometer is photographed continuously. 4. The 
balance barograph, in which the variation of weight 
of the mercury in the tube is measured when the latter 
projects into a cistern containing mercury, but is not 
in rigid contact with the vessel containing the mer- 
cury. The barometer tube is suspended from one 
end of the balance arm, and is counterpoised by a 
weight on the other end. 

There aie, perhaps, twenty different constructions 
of barographs, but they nearly all belong to these four 
classes, although there have becn other forms pro- 
posed but not much used. These instruments are 
of various degrees of accuracy; perhaps the best one 
being the Sprung balance barograph with sliding 
weight, constructed by Fuess, of Berlin. The mean 
deviation of a registration of this instrument from the 
direct observations on a good ordinary barometer is 
only +'04 mm. ; and this is about equal in accuracy 
to the direct comparison of two portable barometers of 
the highest degree of excellence. 

Several other barographs are scarcely inferior in 
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accuracy to the Sprung form, especially the Wild- 
Hasler, as used at St. Petersburg, and the Photographic 
at Kew. Eylert has also succeeded in getting good 
results from the Fuess baiographs of the Deutsche 
Seewarte model. Much depends on the method of 
reduction of the barogiam, however, and the very 
common method of interpolating the direct 1ecorded 
readings when compared with those from a mercurial 
barometer is not sufficient. The barogram is the 
record traced by the instrument on a sheet of paper, 

The Sprung balance baiograph is shown in Fig, 
32, and with the photographic barograph has the 
advantage over some other forms that it gives a con- 
tinuous recoid of the atmosphetic pressure, while 
most others record it only at stated intervals, as, 
for instance, every ten minutes. 

In the accompanying diagram of Sprung’s balance 
barograph, the barometer tube B is suspended from 
the one arm (on the right) of the balance, and is 
counteipoised by the weight g and various minor 
accessories attached to the other arm. The baiometer 
tube remains practically stationary, and when the 
changing piessure of the air varies the force acting 
downward on the barometer tube, the effect is at once 
counterbalanced by a slight shifting of the wheel R, 
which rides on the opposite arm of the balance, and 
whose motion is controlled by the carriage V below 
it; this latter has attached to it the pencil S which 
marks on the tablet T its backwards and forwards 
motion. The tablet T has a uniform vertical slow 
motion imparted by the clockwoik, and the fixed 
pencil S’ marks on the tablet a straight line which is 
used as a base line of reference from which to measure 
distance of the points on the iriegular line drawn 
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by S, and which follows the fluctuations in the 
barometric pressure. 
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As Sprung has applied this same principle to 
making registrations of several of the meteorological 
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elements, and as the instruments are fast growing in 
favour, a more detailed statement of the method of 
operation seems to be necessary here. ; 
The lower end of the barometer B dips into the 
large mercury cistern F, but it is in contact with no 
rigid body below the point of suspension on the 
balance arm. M is mercly a parallel reading scale to 
be used when required, by means of which the height of 
the mercury in the tube of the barograph may be read 
as for an ordinary barometer. The vertical rod ¢ has 
a constant rotary motion imparted to it at its lower 
end by the clockwork, and at the upper end it has a 
horizontal bevelled wheel, which has a slight horizontal 
freedom, permitting it to press against either of two 
vertical levelled wheels which are rigidly attached to 
the screw CC’ (on the sight), When a current is 
passed through the coils EE, the rod ¢ is drawn to- 
wards the left by means of the armature @ and the 
connection 4, and the rotary motién of ¢is imparted 
to the screw CC! by means of the bevelled wheel on 
the left; when the current is cut off from the coils 
EE the spring F draws ¢ towards the right, and the 
contrary motion is imparted to the screw CC’ by 
means of the bevelled wheel on the right. Let it be 
assumed that the atmospheric pressure is decreasing, 
then the left end of the balance which has a slight 
play between S’ and S descends until a contact is 
made with the mercury at ¢, when the circuit is closed 
and the armature @ draws ¢ towards the Icft, and the 
screw CC! is then revolved in a right-hand direction ; 
this causes a motion of the carriage V, which propels 
the running weight R along the balance beam until 
the connection at ¢ is broken, when the spring / is 
allowed to draw z towards the right, which causes the 
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thotion of CC’, and consequently V, R, and S; to be 
reversed until the current is closed again. By means 
of this constant, but alternating motion, the equi- 
librium of the two arms of ‘the balance is maintained 
within the limit of play at SS’, and yet the carriage 
V and pencil S are permitted to move laterally in 
proportion to the amount of change in the barometric 
pressure. In the Sprung barograph in use at Magde- 
burg the pencil S moves over a space five times as 


























great as the change in the height of the mercury 
column. , 
The Aneroid Barograph—The Hipp aneroid baro- 
graph is the most widely used at the older European 
meteorological stations, and the Hottinger form is also 
used, but at present the newly constructed Richard 
barograph (Fig. 33) is attracting the most attention 
from meteorologists. Any of these forms just men: 
tioned will give results within, perhaps, o'2 mm. 
when the instruments are compared tri-daily with the 


106 MODERN METEOROLOGY. 


mercurial barometer, and the records of the barogram 
are submitted to an exhaustive treatment; but at 
most of the larger observatories where these instru- 
ments are in operation, their record is used merely for 
the interpolation of omissions from the record of the 
mercurial barograph, 


§ 3. Apparatus for Measuring the Wind, 


History of Apparatus for Measuring Wind Divec- 
tion,—The characteristics of the winds from the four 
points of the compass were made the subject of 
remaik probably as early as 1000 B.C.; and 500 years 
later the Grecians had added four additional inter- 
mediate directions, which were gradually increased 
to twenty-four directions in still very early times. 
Twelve points were in more common use, however, 
and under different names, until the time of Charle- 
magne, when the intermediate directions were com. 
pounded from the four cardinal points, somewhat as 
in our present nomenclature, 

The oldest arrangement, of which we have a know- 
ledge, for accurately locating the directions of the 
wind is the octagonal Tower of the Winds at Athens 
(Fig. 34), which was constructed about 100 BC. At 
the centre of the roof was placed a wind vane in the 
form of a triton, whose sceptre always pointed to the 
wind octant, but was inclined downwards towards 
the walls, where there were to be found not only the 
Grecian names of the winds, but also allegorical 
figures in relief, characterising the wind which came 
from each direction. M. Terentius Varro also relates 
that he mounted a wind vane, 

The first weather-cock on a church spire is accre- 
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dited to a church in Tyrol in the year 820, when 
Bishop Rampertus von Brixen had it set up. But 
the first wind vanes of the modern form were those 
used by the Italian, Egnatio Danti, at Bologna and 
Florence, in the middle of the sixteenth century, 
and were of the construction shown in Fig. 35. The 
regular observation of wind vanes for meteorological 
purposes was not commenced in Italy until about 
1650, however, and in England a few 
years later. Hellmann has furnished a 
very interesting account of these early 
attempts at measuring the wind, 

It would seem that for so simple an 
instrument as the arrow vane, now almost 
universally used, there could be very little 
said concerning its crrors and the theory 
of its action ; and this is true to a certain 
extent, but there are some points which 
require to be considered, 

Instead of the vane revolving around 
the axis on which it is placed, as evenly 
ybalanced as possible, it is the custom to 
"attach the vane rigidly to the axis, and 
let the latter be supported between friction 
wheels, so that it can turn with as little 
resistance as possible. The lighter the 
vane the truer will be its indications; as, if the vane 
is too heavy it is not sensitive enough to rapid changes 
of direction in a light wind, and when once in motion 
its momentum causes too great a change in a gusty 
wind, It is desirable also to have attached to the 
lower end of the axis to which the vance is fixed some 
sgt of damper, which shall prevent the vane from 
following the quick unsteady changes of the wind 
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which have only local significance, and yet will allow 
it to follow the more permanent changes, This can 
be accomplished by attaching some light paddles to 
the lower end of the vane rod and immersing them in 
oil or glycerine, in which they will revolve with the 
rod. 

It has also become the custom to construct the 
arrow vane with a double or spread tail, after the 
fashion set by Parrot in 1797, (A small vane with 
this arrangement is shown in Fig. 37.) By this means 
the tendency to continual oscillations, with slight 
sudden shifts of the winds, is much reduced, The best 
angle of divergence of these tails has not been a subject 
of agreement among meteorologists. Parrot made the 
angle of spread 459, but in the English vanes the angle 
was made but 224° (adopted about 1840); and this 
last has been quite universally adopted. Curtis has 
investigated theoretically the action of the single tail 
and spread tail vanes in steady winds, and finds that 
for the latter the proper angle of divergence is less 
than 30° in all cases, but that the best angle will 
depend on the amount of the shift of wind, and is 
consequently not assignable until the average amount 
of shift (in degrees) is known, Comparing, theo- 
retically, the single and spread vanes, Curtis deduces 
the following relations for steady winds: “The oscil- 
lations of both vanes are smaller as the vanes are 
longer and larger; the spread vane is always more, 
stable than the straight vane, and this “advantage in 
stability is greater for long vanes than for short vanes, 
and is independent of the wind velocity.” 

The arrow vane, as already described, shows the 
horizontal direction of air currents. It is also very 
desirable to know the vertical inclination of such 
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currents, but no apparatus for this purpose has come 
into regular use among meteorologists. Benzenberg, 
Montigny, Hennessey, Descheverens, and others, 
have proposed various methods by which this has 
been attempted; and Cassella makes a very in- 
genious self-registering double vane, one with a 
vertical and the other with a horizontal motion, 
but the difficulty in properly exposing any such 
instrument, so as to obtain trustworthy results, has 
not yet been overcome. 

Apparatus for Measuring Wind Force or Velocity. 
—Instruments for measuring the velocity of the wind 
are usually called anemometers. These may be 
divided into three general classes: those measuring 
pressure, rotation, and suction. 

The pressure anemometer is usually made according 
to one of two forms: either a metal plate of small 
dimensions, and pendulously suspended from its upper 
edge, is allowed to swing with the wind,*and its depar- 
ture from the vertical is noted; or a plate of, say, 
a foot square is exposed, fronting the wind, and its 
pressure is received on springs, the movement of 
which permits the force to be noted. Many other 
forms have also been proposed, the earliest and 
simplest being that in which the air blows into the 
mouth of a tube which has some manometric attach- 
ment to show the variations in pressure, 

.In the rotation anemometer, a wheel is rotated by 
the force of the wind; the wheel. having some sort 
of a fan-shaped bladed surface, or consisting of merely 
four spokes terminating in cups presenting sides of 
different resistances. 

The suction anemometer, which is as yet not much 
more than a toy, but which has great possibilities for 
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future usefulness, consists of a tube placed vertically, 
so that the wind blows across the open mouth, 
by which action part of the air is drawn out of 
© the tube: the amount of diminution of air 
pressure in the tube is 
measured by some 
delicate contrivances 
placed within the tube. 

The pendulum ane- 
mometer, on account 
of its great simplicity 
and cheapness of con- 
struction, is at present 
used in the Russian 
Empire, and in some 
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other, princiBally European, 
countrics. This instrument con- 
sists essentially of a freely hang- 
ing metal plate suspended on a 
horizontal axis from above. Thé 
wind blowing against this 
» plate causes it to swing out 
_of the normal vertical ‘posi- 
tion, the angle of displace- 
ment from the vertical vary- 
ing with the force of the 
wind, This instrument was 
probably first proposed by 
Hooke, but on account of 
the uncertainty as to who 
was the inventor, Abbe recommends that it be 





FIG. 37+ , 
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called the ancmomete: of the first meteorological 
committee of the Royal Society. The first desciip- 
tion was published by Ilooke in 1667, and its con- 
struction is shown in Fig, 36. In its most widely 
used modern form, as shown in Fig, 37, it is known 
as the Wild wind force tablet, and is mounted on the 
same veiticul 1od as the wind vane, which latter 
always keeps the plate facing the direction of ap- 
pioach of the wind. 

Thicsen has given a theoretical treatment of the 
action of this instrument, and has introduced into his 
formula numeiical values determined by Dohrandt 
and himself, by experiments with a wind force tablet 
mounted on the St. Peteisbuig Combes’ whitling 
machine, 

He deduces the following relation for the Wild 
tablets of the size 15 x 30 centimeters and a weight 
of 195 grammes; when the barometer reads 758 mm. 
and the thermometei 15° C, 


Wind Velocity, 
Meteis Ir 2 3 4. 5 6, ve 
per Second. 
Angle of Displacement 
from the Ir 4 O%2 1897 23%0 31° Q 387 
Vertical, in Degrces, 
Wind Velocity, 
Meteis & 9 IO I 12 13, 22 
pei Second, 
Angle of Displacement 
from the 45°7 §2°1 58°09 6255 66°4 74°0 80s 
Vertical, in Degrees, 


’ A change of weight of 1 gramme, in the tablet, will 
give a-change of onc-fourth of I per cent. in the 
velocities for the same angle. 

At ordinary wind velocities Wild considers that this 
instiument will furnish results within 10 -per cent. of 
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the truth; but it is not suitable for observing winds 
of over 20 meters per second velocity, on account of 
the slight increase in the angle (from the vertical) 
with a large increase of wind. 

The invention of the cup-anemometer is attributed 
to Edgeworth, who suggested it to Robinson ; but in 
the Royal Ethnographical Museum at Berlin there is 
an apparatus very sf 
similar to it, only ff 
it is made of wood 
and the cups are 
oval and not com- 
plete hemispheres; 
this came from 
Thibet, and prob- 
ably illustrates a |] 
form of wind-mill, ff 
the small cepy i 
being used as a | 
wind-mill god; 
and in connection 
with this, Dr, 
Griinwedel (of the 
Museum) remarks 
that in Pallas’s 
Mongolische Vol- 
her, 1770, there is 
a diagram of a similar apparatus. The accompanying 
diagram (Fig. 38) is re-drawn from an_ illustrated 
article in the Century Magazine, January, 1891, giving 
an account of Rockhill’s journey in Mongolia and 
Thibet. It is seen that this device, which is un- 
doubtedly very old, is almost the exact model of the 
modern cup anemomieter. We find here also the 
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suggestion of the double-cup anemometer. So that, 
although Edgeworth may have used it first as a 
scientific instrument, and piobably re-invented it, the 
idea of construction is by no means new. 





Fic. 39. 


The Robinson cup anemometer (Fig. 39) * consists 
of four hemispherical cups of thin metal, attached to 


+ In this iJlustration the anemometer is shown as mounted on the 
highest pomt of the top of a building, as it is usually exposed to the 
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the extremities of two light metal rods crossing cach 
other at right angles, so that all of the four arms (or 
spokes) formed by the rods are of the same length. 
The cups are attached to the arms (as the rods are 
usually called) in such a manner that they all face the 
same way—that is, either to the right or to the Ieft. 
The arms are placed in a horizontal position, and are 
rigidly attached to a vertical spindle at their inter- 
section. This spindle passes downwards through a 
hollow stand encircling it, and which supports it, but 
does not prevent its turning as freely as possible, 
except that the unavoidable friction will offer a slight 
resistance. The lower end of the spindle rests in a 
bearing (where also the friction has been reduced to 
a minimum), and carries, just above the end, an end- 
less screw encircling it. This endless screw has a 
small toothed wheel geared into it, so that the wheel 
is turned by reyplving the cndless screw. This wheel 
is geared into a series of wheels, each of which may 
have an indicator and a dial to show the number of 
revolutions, 

If, now, the instrument is exposed to an air current, 
the unequal pressure of the air against the windward 
convex and concave surfaces of the cups will cause the 
cups, and consequently the spindle, to rotate around 
the vertical spindle as an axis. This rotation is com- 
municated to the train of wheels, and the number of 
revolutions of the anemometcr cups around the ver- 
tical axis can be read off from the dials of the wheels, 
which are so arranged that a certain number of 
revolutions of the spindle causes one revolution of the 


wind. The particular model shown here is the Kew” anemometer, 
and beneath the cups aic lo be seen the bladed wheels of the Beckley 
wind vane, 
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first whecl, and a certain number of revolutions of 
this wheel causes one revolution of the second whecl, 
and soon. By means of this apparatus the number 
of revolutions of the ancmometer cups is obtained ; 
and the distance passed over by the middle point 
of one of the hemispherical cups is, of course, 2 x 
31416 X R, where R is the radius of the circle 
described by this middle point. This is not the true 
velocity of the wind, but Robinson found by experi- 
ment, however, that if the velocity of the cups is 
multiplied by 3, it will give approximately the velo- 
city of the wind. And this factor 3 is used by all 
nations in the reduction of the anemometer observa- 
tions. In order to save the Jabour of making this 
reduction each time, the wheels and dials of anemo- 
meters are so made that the miles and fractions, or 
kilometers and fractions, can be read off directly, the 
factor 3 being taken into account in the construction, 

Robinson constructed a cup anem&meter in 1846, 
and shortly afterwards gave a mathematical analysis 
of its action ; but his theory of the instrument, pub. 
lished in 1850, was not very satisfactory, although the 
results were approximately correct. The constants to 
be used in his formule he determined by experiments 
with a large anemometer on a whirling machine; he 
found that the velocity of the centre of the cups must 
be multiplicd by 3:00 (as just mentioned) in order 
to get the wind velocity. Robinson found that a 
small anemometer tested also on a whirling machine 
(Combes’ apparatus) gave nearly the same results, and 
meteorologists, generally, accepted this value, 

Other experiments of Cavallero in Turin, and 
Stowe in England (1870-72), showed, however, that 
this result was only approximate ; the latter’s obser- 
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vations making it clear that the constant of multipli- 
cation (adopted as 3) is not the same for ancmometers 
of different dimensions, but varies with the relation 
between the length of the arms and the radius of 
the cups themselves. Dohrandt at St. Petersburg 
was the first to show that the constant of multi- 
plication could be computed if the dimensions of 
the radial arms and cups are known. These and 
other experiments have shown that ancmomceters 
of the size commonly used record wind velocities 
about 20 per cent. too great, and although this has 
been known for nearly twenty years, yet no change has 
“been made in the erroneous value introduced by 
Robinson, and the wind observations published by 
the various meteorological institutions at the present 
time have only a relative but not absolute value. 

For common sizes of anemometers, it is fairly 
accurate to deduct 20 per cent. of the ancmometer 
record (given in meters per second) and then add o'8 
meter per second to the result, in order to obtain true 
wind velocities. Recent experiments by Dines show 
that for the large cup-ancmometers of the Kew pattern 
the true constant multiple is from 2'o to 2°2 instead 
of 3'0 for moderate velocitics. It is very probable 
that many experiments on the relation of wind velo. 
cities to wind pressures have been made, in which 
this anemometer correction has not been properly 
applied. 

Although the theory of the instrument has bean 
given by several physicists, notably by Robinson and 
Thiesen,in the general terms of hydrodyanamical analy. 
sis, yet they consider that the subject is one that can 
be best treated by experiment. And while the theory 
may serve to oytline the general action of the instry- 
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ment, still in actual practice it is better to investigate 
each separate instrument, as must be done in case of 
thermometers. 

Standard Aneutoimetry—Numerous methods of 
testing not only the comparative but also the absolute 
accuracy of anemometers have been proposed ; but 
the method which has been usually adopted in prac- 
tical meteorological work is that in which the instru- 
ments are mounted side by side and their readings 
noted for similar wind velocities ; and yet this can 
furnish only comparative results. During the last 
twenty years, however, experiments with the Combes’ 
whirling apparatus have become so frequent, that its 
use for testing ancmometers will probably become 
general, since it can be used at any time and for 
any velocity up to its limits of operation. This 
apparatus (Deutsche Seewarte model, Fig. 40) which, 
according to Thicsen, was used by Smeaton and 
Zeiher before Combes, consists of a’ horizontal arm, 
ZQt, of at least ten feet in length; this arm has 
a horizontal motion around a vertical axis, Z, at one 
end of it. The free end, t, carries another vertical 
arm, to which is attached the vertical spindle of an 
anemometer D, the cups being horizontal, The long 
horizontal arm is now made to rotate about the 
vertical axis at Z by causing this last to revolve; 
which can be done by means of a small engine of one- 
or two-horse power (man powcr has sometimes been 
used), The anemometer will consequently sweep 
horizontally through a circle, of which the revolving 
axis, Z, is the centre, and the long horizontal arm, Zt, 
the radius, The motion of the anemometer causes a 
resistance from the air, which acts on the anemometer 
in nearly the same way as if the anemometer were at 
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and a reading of the anemomceter dial is made at the 
beginning and end of this time, we can find out how 
many feet of motion of the anemometer cups around 
the spindle correspond to the number of feet passed 
over in a second by the whole anemometer at the 
end of the revolving arm. Knowing the actual 
yelocity of the counter-wind caused by the rotation 
of the arm, the readings of the dial of the anemometer 
cups can be reduced to actual measure, The lineal 
velocity is deduced from that recorded by the anemo- 
meter by causing the latter to be whirled in the 
direction with the hands of a clock, then counter 
clock wise, and taking the mean between the two 
results. 

The Deutsche Seewarte apparatus is located in the 
middle of an inner court, which is closed at the top 
by glass roofing, and is surrounded by corridors 
opening into the court, and the following additional 
details are given to show more clearly the method of 
its manipulation, 

The long horizontal arm is not more than threc 
feet from the smooth polished floor, but the anemo- 
meter D is perhaps eight feet above the floor, 
and three times that distance from the ceiling. 
The vertical axis Z of the revolving arm passes 
downward to a trap A just beneath the floor, where 
the rotary motion is communicated by a horizontal 
axis by means of a conical gearing; and this long 
horizontal axis is rotated by means of a gas motor 
in the basement, At onc side of the court there is a 
frame R, supporting at the end of the horizontal rod 
a small anemometer, which can be placed just above 
the path of the centre of the anemometer to be 
tested, (In the Physical Observatory at St. Peters. 
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burg the, small anemometer is placed just outside 
and in the’ same planc of the circle in which the 
large anemometer is whirled.) This small anemo- 
meter is for measuring the velocily of the weak 
current of air produced by the motion of the anemo- 
meter, and which has a motion ze77h the anemometer 
(Mit-wind). The velocity of the current is about 5 per 
cent, of the velocity shown by the large anemometer, 
and this must be allowed for in determining the truc 
reading of the latter, 

In one corner of the court, at the Icft, there is a little 
balcony K, where the observer may place himself when 
the apparatus is in motion. Here there is a crank 
handle 7, that has communication with two conical 
cylinders in the basement, near the engine, around 
which the driving belting passes. By means of the 
crank this belting is caused to slide along the cones, 
so that the velocity of the driving arm, and conse- 
quently of the whirling apparatus and the anemo- 
meter, can be varied by the operator in the balcony, 

In the balcony is also inounted a chronograph, A, 
on which is automatically registered, electrically, the 
seconds, the number of revolutions of the long rota. 
tion arm, and the number of revolutions of the 
anemometer cups. This complex record allows of 
a more complete discussion of the observations than 
could be otherwise made. ' 

Apparatus of this nature have been constructed 
by Robinson in Ireland ; Stowe, Whipple, and others 
in England; Hagen, Rechnagle, and Neumayer in 
Germany ; Wild in Russia; Marvin in America, &c.; 
but the most complete onc is that of the Deutsche 
Seewarte, at’ Hamburg, constructed by Neumayer, 
and shown in Fig. 4o. 
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When all of the meteorological services shall have 
adopted a whirling machine of some uniform size 
and exposure, on which to test anemometers used by 
them, then the observations of wind velocities in 
different countries .can be made comparable; but 
even then the results will be purely relative. Experi- 
ments have still to be made which will show conclu- 
sively the relation of the velocities obtained by the 
whirling apparatus to true absolute wind velocities 
as actually observed in the open air, 

Estimates of Wind Force-—It will be found that 
instruments for measuing wind velocities have been 
used by the majority of meteorological observers in 
but few countries, and at sea not at all. Where this 
is the case, the personal estimates of wind force are 
made by the observers according to some arbitrary 
scale. While it would probably be just as accurate 
to use the more readily understood expressions— 
calm, gentle, fresh, strong, gale, hurricane, to indicate 
the various grades of wind, yet in dealing with masses 
of such observations it is more convenient to replace 
these expressions by numbers. As early as 1780 
what is known as the Mannhcim Scale was intro- 
duced, and for many years widely used. This scale 
extends from o (calm) to 4 (strong gale). Since then 
several scales have been used, at various times and 
in different countries, in which the number of gradua- 
tions, so to speak, have been from o (calm) to 6, 7, 8, 
9, 10, and 12; these last numbers indicating the most 
violent winds that might occur, Of these, the most 
interesting and important is the scale 0-12, which 
was introduced by Admiral Beaufort in 1805 for use 
on board ship ; and this is at present almost univer- 
sally used at sea, This scale was based on the 
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amount of sail a ship could carry in the different 
winds, but the system also came into use at land 
stations, especially those on the coast; although in 
applying it to land stations in general only half the 
number of divisions are used (0-6). In the past twenty 
years a 0-10 scale has also been widely used in the 
international work of the United States Weather 
Bureau, and Abbe (“ Meteorological Apparatus and 
Methods ”) has given its graduations in terms of the 
other scales, which are brought together here in a 
little table, 
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Abbe has also given the velocities and pressures 
of the winds for these different graduations of the 
o-10 scale, but as they differ widely from some 
recent results in this same line of work, and as little 
information is given as to their derivation, they are 
omitted. 

Very little has been done towards determining the 
value of these scales of estimation in terms of actual 
wind velocities, but Mohn has brought together 
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(Meteor. Zeits., Feb., 1890) the results of a number 
of comparisons which have been made within the 
past twenty years, between the estimations on Beau- 
fort’s Scale and anemometer observations. As a 
tesult of such comparisons, made chiefly at light- 
houses on the English, German, and Norwegian 
coasts, the following values, given in round numbers, 


were obtained : 


Beaufont's Scale, 123 4 5 6 4% 8 9g 10 

scien wean, | a: 55 5'§ 70 9 120 130 180 17 1. 

A few observations made on the open ocean give 
about the same values up to 5 of the Beaufort’s 
scale, but somewhat larger velocities corresponding to 
the scale estimations of stronger winds. 

Estimations of winds above 10 of this scale are 
scarcely to be relied on. In order to reduce these 
true wind velocities to those given by an ordinary 
anemometer, whose readings are obtained by means 
of the multiple 3, it is necessary to subtract from each 
velocity 1 meter per second, and then increase the 
remainder by one-fourth of its amount, 

Self-Registering Anemometric Apparatus,—The re- 
cording apparatus for the ordinary pressure anemo- 
meter is so arranged, that the force of momentary 
gusts of wind is clearly brought out, but total wind 
movements for any definite time, as an hour ora day, 
are obtained with great inconvenience. 

The registrations of the cup anemometer with 
electric contacts do not show the force of sudden 
gusts of wind, unless they continue for some timc; 
but the record is well adapted for showing the hourly 
or daily amounts of wind, The former is more im: 
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portant for engineering purposes, and the latter for 
meteorological purposes. The registering instrument 
which will accomplish both purposes, as well as each 
of these does its part, has yet to be constructed, 

According to Westphal’s researches, the attempts 
at constructing apparatus for measuring and re- 
cording wind-force and wind-direction extend back 
to the year 1667, and the names of Hooke, Pickering, 
Christian Wolf, Lentmann and Leupold are given as 
having been early experimenters. 

Count d’Ons-en-Bray, in the year 1734, constructed 
a registering apparatus for wind direction very 
similar to the form devised later by Beckley; the 
wind velocity being recorded by a hammer raised by 
means of a small wind wheel, and allowed to fall 
against a recording paper, having a uniform motion, 
at every 400 revolutions of the wheel. 

The Robinson anemometer register, in use in 
many of the principal European observatories, is the 
Beckley form ; in which a long vertical rod is geared 
to the anemometer spindle by means of an endless 
screw. At the lower end of this rod is a gearing by 
which a small horizontal cylinder is made to revolve 
(once for every 100 kilometers of wind in the Fuess 
instrument), A spiral knife-blade-shaped strip of 
metal encircles the cylinder once in its whole length, 
and the edge of this metal blade touches a chrono. 
graph cylinder beneath it at one point only ata 
time ; but during a complete revolution of the small 
cylinder, each point of the edge of the spiral blade 
comes in contact with the chronograph at successive 
points from left to right. The chronograph sheet 
being of metallic register paper, the contacts of the 
metal blade are recorded. 
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A similar arrangement records the wind direction, 
the small cylinder and its spiral metal strip making a 
complete revolution for each revolution of the wind 
vane, and a patticular point of the strip always 
coming in contact with the chronograph sheet for the 
same position of the wind vane. 

Perhaps the best form of anemometer-register in 
common use is the electrical, in which a platinum 
contact is inserted in the whcel work showing the 
number of revolutions, in such a manner that for 
every kilometer or mile of wind a circuit will be 
closed and cause a registiation to be made on a 
chronograph. There is less friction with this method 
than with others. The wind direction is registered 
by means of an electro-magnet and pencil for each 
direction—for instance, eight magnets and pencils for 
eight points of compass, the circuit being closed 
automatically by the vane entering that sector of the 
circle of revolution of which the direction is the 
middle point. 

The anemometer record can be made on the same 
register as that used for showing the direction of the 
wind vane, and the apparatus so constructed that the 
miles or kilomcters will appear opposite the wind 
direction at the time of registration; thus enabling 
one to easily obtain by mere inspection of the anemo- 
gram the velocities for the various directions. 

But a form of integrating anemometer, which has 
been independently proposed and its success proven 
by years of use in several countries, but first in Russia 
and France, in which the anemometer is included in 
the circuit of the conducting wires of the direction 
register, causes the miles or kilometers to be recorded 
by the pencils showing the direction at that time; 
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thus recording the velocities under the headings of their 
proper directions. This is not only a great conveni- 
ence to the person who takes the data from the anemo- 


gram, but it affords a ready material for the rapid 
o 
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comparison of the directions and velocities of wind on 
successive days, as the record shects for each day 
can be laid side by side, 

The general principle upon which this device works 
is shown more plainly by the accompanying Fig. 41. 
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In this A represents the Robinson anemometer; P, 
the supporting frame; and C and B, the posts to 
which the conducting wires are attached as in the 
ordinary form of electrical self-registering anemometer, 
in which C and B have metallic connection through 
P at the completion of each mile or kilometer of wind 
as shown by the anemometer dial; at other times the 
circuit connection between C and B is broken. By 
means of a wire, B is connected with one pole of the 
battery E. Wires also pass from C to binding-screws 
on 5,6, 7, 8, electro-magnets of the recording apparatus, 
The left-hand part of the diagram is shown in a 
horizontal plan. G is the lower end of a rod passing 
from the roof to the room beneath. This rod, being 
in rigid connection with the wind vane, will revolve 
with the latter. Near the lower end of the rod at G 
an arm is placed at right angles to the rod, and-ter- 
minates in the small friction wheel H. This wheel H 
runs along a metallic rim encircling G; the rim not 
being continuous, but having small breaks at the 
points touched by the wheel H when the vane points 
N.E,, S.E., S.W., N.W. These breaks are so short 
that when H, in its revolution around G, leaves one 
segment of the rim, it almost instantly rests against 
the next. The segment L is connected with the 
binding-screw of 4, by the wire passing through O, 
Similarly K is connected with 3, N is connected with 
2,and M is connected with 1, The continual wire 
GF is in metallic connection with GH, and is also 
connected with the free pole of the battery E. 

We will now suppose that the anemometer and vane 
are exposed to the wind, which is from the west. We 
shall then have the arrangement shown in the diagram, 
The circuit connection C 7 3 KHGFEDB will be 
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complete (except at BC), and whenever the anemo- 
meter closes the circuit BC, the armature R’ will be 
attracted by the double coil magnet 3 7. Thus, for 
any winds betwecn S,W. and N.W., the action of the 
armature R’ will indicate each mile or kilometer of 
wind. Similarly the armatures R, R", R' will indicate 
noitherly, southerly, or casterly winds, 

By attaching recording pencils to the armatures 
R, R', R”, R'", and allowing a chronograph sheet to 
pass beneath them, we can register in separate 
columns the amount of wind from the four points, 
By doubling the number of segments, clectro-mag- 
nets,-and recoiding pencils, the velocities can be 
recorded for eight points of compass; and by record. 
ig a combination of two directions at a time twice as 
many points of compass may be registered as there 
are recording pencils. 

There ate many more common methods of record- 
ing the wind direction. The simplest of these is to 
prolong the spindle, rotating with the wind vane, to 
a room below, and let this spindle terminate in a 
conical bearing, so that the friction will be small. 
Near the lower-end of the spindle mount a cylinder 
encircling it and rotating with it. On this cylinder 
will be placed the recording sheet, Against this shect 
there presses a recording pencil which has a slow 
motion in a vertical direction only, and which is 
regulated by clock-work. The cylinder rotating with 
the wind vane, and the pencil pressing against it con- 
tinually, will cause the wind direction to be recorded 
for every instant of the time during which the pencil 
is moving in the vertical, which may be one day or 
several days for a single recording sheet, as has been 
allowed for in the construction. The motion of the 

10 
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pencil can be imparted by the driving weight of an 
ordinary clock of good construction. 

Measurement of Arr Movements at High Altitudes.— 
Since the instruments in common use for denoting 
the diiection or measuring the velocity of the wind 
must be placed in the currents to be observed, they 
can only be used near the earth’s surface unless they 
are mounted on some mountain peak; but even this 
gives observations for relatively low altitudes; and 
besides, under the most favourable conditions of cn- 
vironment, the air which is to be measured cannot be 
kept free from local vitiating influences. While it has 
been proposed to observe the motion of toy balloons, 
the smoke of exploded shells fired vertically upward, 
the direction of smoke from chimneys of factories 
and boats, and to mount anemometers on captive 
balloons or kites, yet very little of this kind of work 
has ever been done. 

The movements of the clouds offer the readicst 
means of observing the upper currents, and these 
have been included in the routine of observation in 
most meteorological services so far as direction of 
motion is concerned, but the measuring of the velo- 
cities has been neglected by all but a few observers. 

(1) Direction of motion. The direction of approach 
of clouds is usually merely estimated by the observer, 
but this method, according to which most observations 
are made, gives only very approximate results unless 
the clouds are at the zenith. In some few observa- 
tories a cloud mitror is used, in which a ruled reflecting 
surface allows the motions of the image of the cloud 
to be co-ordinated, and some such apparatus as that 
of Fornioni’s mentioned just below, adds greatly to 
the value of the observations, and 1elieves them of 
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large personal errors which exist for the ordinary 
method. 

Fornioni’s nephoscope, shown in Fig. 42, consists 
of a circular compass box about fifteen centimeters 
in diameter, with a fiee moving magnetic needle 
mounted at the centre, Above this needle, which 
cannot be seen in the illustration, there is a fixed 
horizontal glass mirror or reflector BB. On this 
mirror are traced the lines showing the principal 
points of the compass. In the sector extending from 
north to north-west the amalgam is removed fiom a 
portion of the 
mirror, so that 
the needle can be 
seen, and degree 
divisions are also 


position of the () 
needle can be 
read. A pointer 
T can be moved 
around the whole 
circumference of the instrument. In use, the instru- 
ment is placed horizontally and oriented with regard 
to the ¢vve meridian, T is now brought into sucha 
position that the eye forms a third point in a visual 
line passing through the aperture of the pointer, the 
centre of the mirror, and the reflection of some chosen 
point of the cloud. 

“The direction of the displacement that the 
reflected image will have undergone after a time, 
proportional to the velocity of the cloud, or inversely 
as its distance, will constitute the exact direction of 
the movement of tho cloud.” 





Fia. 42. 
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In estimating the directions of clouds not in the 
zenith the following principle, as worded by Abbe, 
is found to be of great assistance: “ All planes con- 
taining the observer’s eye and the horizontal paths of 
the clouds moving parallel to each other, will intersect 
the horizon in a common vanishing point, whose 
bearing is the azimuthal direction of motion of the 
clouds.” 

(2) Velocity of motion. If the position of a cloud 
can be determined” at the beginning and end of an 
interval of time, its velocity is determined. The 
following are some of the methods which have been 
proposed for accomplishing this. 

The trigonometric method, proposed by Riccioli 

about 1650, is the one which has in its various forms 
promised the best success. At the two extremitics 
of a carefully measured base line two observers are 
placed, who measure simultaneously the altitude and 
azimuth of the cloud. Simple computation will-then 
fix the position of the cloud, Two successive mea- 
sures of this kind will give not only the velocity but 
also the direction of the wind at the elevation of the 
cloud. 
’ If the observer is so located on an elevation that 
he can have a view of the surrounding country, he 
can observe the time of passage of the shadow of a 
cloud between two points of known distance apart, 
and by means of a map of the neighbourhood the 
directions as well as the velocities can be determined ; 
and if the angular velocity of the cloud is also ob- 
served, the elevation can be computed. 

The nephoscopic apparatus, which was first devised 
by Aimé in 1845, and later other forms by Braun, 
Marie Davie, Linns, Cecchi, Fornioni, Finemann, and 
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probably others, is very convenient for determining 
the apparent and relative motions of the clouds, which 
is a very desirable substitute, for the absolute motions 
if these cannot be observed. The, principle on which 
this is planned is as follows :— 

A cloud moves from K, to K, (in Fig, 43), and its 
reflection is found to move from m, to m, on.a hori- 
zontal mirror, as seen by the observer’s cyc ato; then 
“the distance m, m, is parallel to K,K., and is shorter 
than it, in the ratio of the vertieal altitude O B to 
K, K:, or in the ratio of the distances O m, to m, K,, 
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or in the ratio of the horizontal projection B m, to 
m, Ki.” (Abbe). 

Of the various forms of this class of nephoscopes 
which have been constructed, mention can+be made 
of only one, that of Finemann, which is shown in 
Fig. 44. This instrument, like that of Fornioni, has 
a compass for orienting it when an observation is to 
be made, and also a horizontal mirror with lines 
drawn to the points of compass, This circular mirror 
has a circle of a certain radius drawn on it and con- 
centric with it. A scale is placed at one side of the 
mirror and perpendicular to it; this scale has a slow 


134. MODERN METEOROLOGY. 


motion screw which moves it up or down, and the 
whole scale is so attached to a revolving band that it 
can be moved enti:ely around the edge of the mirror, 
In using it, the scale is so adjusted that the eye brings 
into the same range at the centre of the mirror the 
reflection of some chosen point of the cloud, and also 
that of the pointer. The selected point of the cloud 
will now move from the centre of the mirror along 
some one of the radial lines, and this gives the 
direction of the cloud 
motion; and the time t is 
noted, which it takes to 
move from the centre of 
the mirror to the circum- 
ference of the concentric 
chicle. 

Now, as these measures 
are purely relative, it is 

y convenient to use as a unit 
Sil of reference the time T 
="which it would take for the 
cloud to pass through a 
er distance of 15° from the 
zenith, so that the observed 
time t must be reduced to this scale. This, trigo- 
nometry ¢asily gives. If the radius of the circle on 
the mirror is chosen 268 millimeters, and the height 
b of the scale is also read in millimeters, then T is 
given by the simple formula, T=o‘or bt (Abbe). 
These values of T can be compared, and furnish 
very uscful rclative valucs of the velocities of the 
upper air currents, 





APPARATUS AND METIIODS, 135 


8 4,—Lustruments for Measuring Atinosphete Monture and 
Pp ecipitation 

In dealing with the continually repeated inter- 
change which goes on between the air and surface 
of the earth, as regards the water which is found first 
in the one and then in the other, and which the 
Germans so conveniently call the Kreislauf (circuit) 
of the water, meteorologists have found it desirable 
to measure, Ist, the amount of moisture in the atmos- 
phere, 2nd, the rate at which it descends to the earth 
as precipitation, 3rd, the amount of this precipitation, 
and 4th, the rate at which it is taken up again into 
the air: the fist is accomplished by means of hygro- 
meters, the second and third by tain gauges, and the 
fourth by evaporimetets. 

Moisture of the Atinosphere-—Moisture may exist 
in the atmosphere both as an invisible vapour (aqueous 
vapour), and as visible particles of water, which may 
or may not be fiozen. In applying the methods of 
gascs to its measurement, it frequently becomes neces- 
saly to first 1educe it to a uniform gascous condition, 
which may be done by changing the temperature or 
pressuie of a limited portion of the air to be inyesti- 
gated ; afler which the relations which laboratory 
experiments have shown to hold between the tem- 
perature, density, clastic pressure and volume may be 
applied. These relations for saturated vapour ware 
thoroughly studitd by Regnault, whose results were 
generally adopted ; but the rediscussion of Regnault’s 
obseivations by Broch, of the International Bureau of 
Weights and Measures at Scvres, has furnished the 
best tables showing these relations. 

Early Hygrometers.—Accoiding to Hellmann, the 
earliest instrument of which we have record for mea~ 
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suring atmospheric moisture is the balance hygrometer 
described by Cardinal Nicolaus de Cusa in a post- 
humous work published in 1472. He said that if a 
considerable quantity of dry wool is placed on one 
side of a balance, and stones are placed on the other 
side until the balance is brought into equilibrium, ex- 
perience shows that the weight of the wool increases 
ot decreases according as the air becomes moister or 
drier. Reference is also made to the fact that the 
instrument is useful for conjecturing changes of tem- 
perature. The exact date of the invention cannot be 
determined ; but since the Cardinal died in 1464, 
when Leonardo da Vinci was but twelve years old, 
the usually received priority of the latter as the 
suggestor of the hydroscope can no longer be ac- 
cepted, 

In 1554 Mizauld published the first notice of the 
influence of humidity on the strings of musical in- 
struments; and a few years later Baptista Porta 
called attention to the hygrometric qualities of the 
“beard” of wild oats, which substance was widely 
used, as we find that Torricelli applied it nearly a 
century later. 

The first condensing hygrometer was constructed 
by the Grand Duke Ferdinand II. of Tuscany. This 
instrument, as shown in Fig, 45, consisted of a reser- 
voir, having the shape of the frustrum of a cone, and 
made of cork, painted on the inside, and covered with 
sheet metal within. The point of the cone was a 
conical glass funnel without outlet, beneath which was 
placed a glass measuring-cup Upon filling the re- 
servoir with snow or powdered ice, the moisture in 
the air was condensed on the cooled outer surface of 
the funnel, and the drops fell into the measuring-cup, 
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and the time was noted which was necessary to collect 
a certain amount of this moisture. In 1665 Ferdinand 
tried to establish regular observations with this form 
of apparatus, and sent a number of them to his friends, 
But the first regular continued hygrometric observa- 
tions of which we have a record are those commenced 
by Boyle on June 30, 1666, at Oxford, the Geranznin 
Moschatum being used as a hygrometric substance, 

Modern Methods of De- 
termining the Amount of 
Moisture in the Air—The 
most important of the 
various modern methods of 
determining the amount of 
moisture in the atmosphere 
are the following: the 
weight of moisture for 
given volumes of air, or 
volumetric method; tem- 
perature of saturation ; 
temperature of evaporation, 
or psychrometric method ; 
spectroscopic method; the 
proportional saturation of 
certain animal and vege- > 
table substances; and, in a Fic. 45. 
general way, the optical method. 

Of all these only two are in gencral usc among 
meteorological observers; viz, that in which the 
psychrometer, or wet and dry bulb thermometer, and 
the hair hygrometer are used. It is true that con- 
siderable usc is made of the optical method in which 
the colours of the sky or clouds are noted, as an aid 
to weather forecasts, and the spectroscopic method is 
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used at some few observatories ; but neither of these 
have been sufficiently studied to allow quantitative 
values to be assigned to the observations. 

The most refined methods of obtaining the amount 
of moisture in any given amount of air, properly 
belong to the laboratory for chemical physics. If 
air is allowed to pass through a glass drying tube, in 
which is placed a large surface of glass-wool, covered 
with strong sulphuric acid, or containing phosphorous 
pentoxide and glass-wool, and the feeding current 
passes through a small-bore tube at the rate of about 
two litres per hour, then a litre of the air thus dried 
does not contain over o'0025 of a milligram of water. 
This accuracy is of course far greater than any 
meteorological requirements necessitate. 

The tension or pressure of the vapour in the atmo- 
sphere may be determined directly by the method of 
Renou (1858) and Mantern (1880), by adding as much 
moisture to a definite amount of enclosed air as will 
entirely saturate the latter. The observed pressure 
of the air in the two conditions, as measured by a 
manometer, allows the vapour tension to be com- 
puted, as we know the pressure exerted by fully 
saturated air, 

Edelmann (1879) invented an apparatus for mca- 
suring the pressure of a definite volume of air before 
and after its moisture had been absorbed by sulphuric 
acid ; but the apparatus which has been most suc- 
cessfully uscd by a number of meteorologists (as, for 
instance, by Sworykin, Pernter, and Marvin) is that 
devised by Schwackhéfer (1878), and which is shown 
in Fig. 46. While this apparatus is somewhat cum- 
bersome, yet it is sufficiently portable to allow of its 
use on scientific expeditions, being all contained in 
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a case easily carried by hand. In this apparatus the 
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either of the glass tubes @ or 4 (in the upper left-hand 


corner). 
of the three-way cock, the confined air fills the 
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upper tube connecting with the reservoir B and the 
graduated tube beneath to about the zero, where 
it is limited by the surface of the mercury which fills 
the lower part of this tube, the tube u and the lower 
part of the glass cylinder P. By means of a hand 
crank and screw motion at the top, on the right, the 
loose-fitting wooden piston F can be forced into the 
mercury in the lower part of P and cause it to rise in 
P and also to fill B to any desired height ; the suc- 
tion power for filling the system B with air is obtained 
by starting with B full of mercury and raising the 
piston F. The i1eservoir B is surrounded by a second 
glasscistern containing glyceiinefor preserving a steady 
temperature, which is determined by means of the 
thermometer t. By means of the cocks a and 8 the 
confined air in B is placed in tubular communica- 
tion with the drying chamber A, which contains glass 
rods and sulphuric acid. A communicates with the 
surrounding chamber by means of the small openings 
oo near the bottom. By squeezing the rubber bag 
Z, the air passes from it into the chamber containing 
the acid and forces this up to m; and the cock g 
being closed, the acid remains at this level. 

The air which is in B and its connecting tubes is 
now foiced into A by pushing the mercury into B by 
operating the plunger F; and the sulphuric acid is in 
turn forced from A into its enveloping receiver, and 
the cock q being opened again, the bag Z is once more 
filled with the air which it originally contained, As 
soon as the air in A has been deprived of its moisture 
by the action of the sulphuric acid, the bag Z is 
again squeezed simultaneously with the raising of the 
plunger F, and the acid flows again into A, and the 
dried air again fills B and its secondary tubes, It 
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will be found, however, that the mercury in the 
graduated tube c does not stop at the same point 
which it did before, but reaches a little higher in the 
tube, as the pressure of the dried air has been lessened 
by the abstraction of the water vapour. 

Free access of outside atmospheric pressure is 
maintained by means of the tube ¢, which has the 
mouth at w protected by cotton, and the lower open 
end inserted in the same mercury with c. In order, 
now, to find the volumetric change in the dricd air, 
the mercury surfaces in the tubes c and d are raised 
by lowe1ing F, until these two surfaces coincide and 
indicate that the pressure of the air above each is the 
same, A reading of the volumetric graduations onc 
now shows the change of volume in the air caused by 
abstracting its moisture. The whole operation 
requires perhaps ten minutes for its accomplishment, 
and many thousand observations can be made after 
once filling with sulphuric acid. 

Of the hygrometric instruments in practical use, 
and the results regulaily published, the psychrometer 
or wet and dry bulb thermometers, and the hair 
hygrometer, are the chief ones. The last of these 
was invented by Saussure, and as there has been very 
little improvement since his time, except in slight 
mechanical details of construction, it may be dismissed 
with a few words, In the best instruments human 
hair is used which has been freed from oil, and which 
has a breaking stretch of 100 grammes, and an elastic 
stretch of 33 per cent. The expansion in length of 
such a hair ten inches in length is about o'03 mm. for 
I per cent. increase in humidity. The one end is 
fixed,-and the extension or contraction of the hair is 
communicated by the motion of the other end to an 
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index which magnifies this motion. The reading 
scale being properly divided from o to 100 as repre- 
senting dryness and Saturation, the index is set to 
100 by inclosing the apparatus in a box in which wet 
cloths have been placed. It is frequently claimed 
that this apparatus furnishes results within 1 or 2 per 
cent. of the truth, and so it may in the laboratory, or 
for an immehse number of observations, but Berg- 
mann has shown (Wild’s Aepertordum) that for 
several years’ observations the averages of the months 
of lowest humidity are higher by about 2 per cent., 
and of the highest humidity lower by about the same 
amounts, than when the psychrometer is used; and 
for single monthly averages differences of +8 per 
cent. occurred. Experience also shows that slight 
repairs and adjustments are necessary about once a 
year, and a new instrument must be substituted, or 
else the old one repaired by an instrument maker, 
about once in five years, 

The Psychrometer.—The employment of a wet 
bulb mercurial thermometer for denoting the rela- 
tive amount of moisture in the air by the amount 
it is cooled by evaporation was early carried 
out by Baume, Saussure, Hutton, and Leslie ; 
but the modern psychrometer, composed of two 
thermometers, one with a dry bulb, and the other 
having its bulb covered with wet muslin, was the 
idea of Ivory (1822), and August (1825), who 
worked out about the same theory, independently of 
each other. August, however, pursued his investiga- 
tions to a much greater extent, and brought the 
apparatus into practical use, and it is now known by 
his name. These early theoretical developments, 
although improved by Apjohn, Regnault, and others, 
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have now becn displaced by the more thorough work 
of Stefan and Maxwell, the Jatter having given a 
beautiful treatment of the subject in his article on 
“ Diffusion ” in the Axeyclopadia Britannica. 

Additional necessary experimental work has been 
done by Sworykin in Russia, and by Marvin on 
Pikes Peak. Ferrel has combined the results of these 
with Stefan’s theory, and has published, under the 
auspices of the United States Signal Service, what 
may be considered the most recent advance in the 
application of the theory of the apparatus to its prac- 
tical use. 

Method of using the Psychrometer—In using the 
psychrometer the same precautions are necessary as 
for an ordinary thermometer, and, in addition, the 
wet bulb must in some way be subjected to the action 
of a current of air. As long ago as 1786 Saussure 
secured a good ventilation of the wet bulb ther- 
mometer by whirling it in a uniform but rather rapid 
manner, and this same or an analogous method 
has been independently proposed by a number of 
scientists, as, for instance, Belli (1830), Arago (1830), 
Bravais (1836), Espy (1840), &c. While it has long 
been recognised that psychrometer observations, and 
especially when the temperature is below freezing, 
may be very erroncous unless this ventilation does 
take ‘place, yet the Italian meteorologists were the 
only ones who made a general practice of it until 
quite recently, when so much light has been thrown 
on the subject by Sworykin’s investigations (Wild's 
Repertorium), that its general adoption is only a 
question of time. Within a few years it has been put 
into operation in the great network of stations 
controlled by the United States Weather Bureau, 
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Where this ventilation does not take place the hair 
hygrometcr is the more accurate at temperatures 
below freezing. It is necessary 
that the wet bulb 
be exposed to a 
current of two or 
three meters pcr 
4 sccond for about 
\ two minutes be- 
Be fore an observa- 
tion is made, and 
incieasing the 
velocity above 
this amount does 
not make the ac- 
curacy appre- 
ciably greater. 
Assmann has 
invented a port- 
able apparatus 
(Fig. 47), in which 
the thermometer 
bulbs are screened 
by metal tubes 
through which an 
artificial current 
of air is made to 
pass by the em- 
ployment of a 
——_ pumping process. 
FIG. 47 It is claimed that 
this will give accurate results when used in full sun- 
shine, and it is therefore very useful for travelling 
observers, - 
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Self-Registering Hygroneters——The hair hygro- 
meter is casily adapted to a system of registration, 
but the most accurate method is that by photograph- 
ing the 1cadings of the dry and wet bulb thermometers, 
in which case the ventilation and wetting of the bulb 
must be continuous. 

Measurement of Precipitation.—The measurement 
of precipitation, whether it be in the form of rain or 
snow, has been more widely cariicd on under the 
auspices of meteorologists than any other depait- 
ment of this science; for in most countrics there 
are many volunteer observing stations where no 
other 1ecords are kept, Although a uniform idea 
prevails as to what is to be measured, viz, the amount 
of water, whether it be rain or snow, which falls upon 
any given hoiizontal area, and that this is best done 
by catching it in an open-mouthed receiver} yet so 
different have been the ways in which this recciver 
has been constiucted and exposed, that the results 
obtained by meteorologists might differ for the same 
locality by half the amount of precipitation, 

There are several distinct features which give rise 
to these discrepancies: the size and shape of the 
mouth of the catch basin, the means of preventing 
the escape of drops after they have once entered the 
mouth, and, most of all, the precautions which are 
taken in exposing the gauge so as to prevent the 
vitiating cffects of other phenomena, and especially 
of the winds, 

The question of shape and_size of the rain-gauge 
is as much secondary to that of exposure, as the 
caieful investigation of a thermometer is to its 
exposure, 

So far as shape is concerned, it is now almost 

II 
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universally the custom to use a cylindrical sheet- 
metal vessel with a circular mouth (of from eight to ten 
inches diameter is best for general use, but in tropical 
regions perhaps three inches is sufficient), and with 
a funnel-shaped false bottom, at some distance below 
the mouth, through which the water may pass into 
the lower part of the gauge, which does not neces- 
sarily retain the shape or dimensions of the catch 
basin of the gauge, The rim should have a clean- 
cut edge (not rounded), and the fall should not be 
straight down from the orifice, but, especially in regions 
of snow, there should be a double outward bevelling 
just below the edge which forms an encircling catch 
pocket to prevent the rain drops from spattering out 
and the snow from being blown out, Wild has also 
recommended the insertion of four metal strips at 
right angles to an axis concentric with the axis of 
the gauge, as a preventive against the snow being 
blown out after it has once entered the gauge, 

There are various methods of measuring the amount 
of precipitation caught. It may be weighed by ordi- 
naty weighing scales, its depth may be measured by 
means of a graduated stick or rod, or it may be 
poured into a graduated glass volumetric vessel such 
as is used by chemists. In some of the best gauges 
there is a stop-cock at the bottom, through which 
the water may be drawn off without inverting the 
gauge. Snow should be melted before being 
measured. 

In mounting a rain-gauge it must be so placed 
that the effect of the wind on the amount of “catch” 
will be least, and the loss of water, due to evaporation 
before the measurement is made, will be reduced to a 
minimum, 
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The effect of the wind can be in a great part 
annulled by protecting the mouth of the gauge by 
some arrangement like the encircling shicld of wire- 
netting as proposed by Nipher in 1878 (see Fig. 
48). The wind which would otherwise strike just 
below the mouth of the gauge is deflected downward 
by this netting, and the spatter of water into the 
gauge, which would result from the use of a solid 
shield, does not occur 
when the wire is used. 
It has long been 
noticed (perhaps first 
by Heberden, in 1766) 
that there is a de- 
crease in the catch 
of the rain-gauge with 
a slight elevation of 
exposure above the 
ground, and it was 
thought that for some 
unknown reason the 
amount of rainfall was 
actually less above, 
but it is now known 
that this deficiency is 
due to the action of the wind, A Nipher-shielded 
gauge will catch about the same amount of rain on 
the roof as on the ground, while an ordinary gauge 
may not catch more than threc-fourths as much in 
the higher and more exposed position. It is worthy 
of note, however, that Wild, in planning the Pawlowsk 
Observatory (see Fig. 60), has so modelled the top of 
the tower as to deflect the wind downward and thus 
secure a normal condition on the roof, 
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The effects of evaporation can be reduced to a 
minimum by so placing the final receiver of the rain- 
gauge that the sun cannot strike it, and by making 
the mouth through which the water enters as small as 
possible. 

Many series of experiments have been made to 
determine the best form of 
rain-gauge ; one of the latest 
being that of Hellmann (at 
Berlin), who wished to make 
the best selection for intro- 
duction among the stations of 
the recently reorganised Prus- 
sian Meteorological Bureau. 

Self-Registering Rain- 
Gauges,—The self-registering 
instruments for recording the 
rainfall may be divided into 
three classes. There may be 
inserted in the gauge a float 
which will rise with the surface 
of the collected water, and the 
vertical motion of the float can 
be recorded by some one of 
the numerous methods of regis- 
tration ; another mcthod, sug- 

Bag 49 gested by Horner, is that in 
which the water passes from the gauge directly into 
a sort of small balance scoop which automatically 
shifts its position from one side to the other, and 
empties itself whenever it contains a certain amount 
of water, and the number and times of shifting can be 
recorded either electrically or mechanically (see Fig. 
49); the third method is to make a continuous or 
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automatically intermittent record of the relative weight 
of the water caught. 

Evaporation.—W hile the observation of evaporation 
from a free water surface exposed in a well-ventilated 
thermometer shelter is to be accepted as the normal 
plan for investigating this phenomenon, yet as there 
are difficulties in carrying it out, the Piche eyapo- 
rimeter (Fig. 50) has been proposed for ordinary 
meteorological stations, since it is not 
much more troublesome than a thermo- 
meter to manipulate. This instrument 
consists of a graduated glass tube filled 
with water and sealed at the upper end, 
but with a porous paper cover at the 
lower end. This porous paper constantly 
presents a wet surface to the air, and the 
moisture is evaporated; the renewal of 
moisture in the paper being made at the 
expense of the water in the tube, The 
variation in the height of the water in the 
tube shows the amount of water evapor- 
ated. It has been found that there exists 
a fairly constant relation between the’ fs 
Water so evaporated, and that evaporated 
from a free water surface; so that when  Fiu. 50, 
this relation has been accurately determined by 
experiment, the records of the former may be readily 
reduced to the standard terms of the latter, This 
relative evaporation is, however, so dependent on the 
wind velocity that ‘this factor must also be care 
fully considered, Thomas Russell, of Washington, 
United States, found that with a wind of fifteen 
miles per hour five times as much water was 
evaporated as in a calm. The rate of evaporation 
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will also depend on the nature of the evaporating 
disc, so that no numerical values are offered giving 
the factor of reduction for the Piche instrument. 

The self-registering cvaporimeter may be operated 
by means of the first or last principles just described 
for the rain-gauge; the water surface being artificially 
prepared, as in the case of the ordinary normal evapo- 
rimeter, and in case the rainfall has access to it, the 
amount of precipitation, as shown by the records of 
the ombrograph, must be taken into account. The 
loss of water from a Piche evaporimeter may be 
tegistered by a system of automatic weighing. 

Wild has had constructed, and has used quite 
successfully, a self-registering combination weighing 
apparatus (shown in Fig. 51), which not only 
measures the 1ainfall and evaporation, but also gives 
the direct weight of snowfall. On the left is seen 
the registering apparatus, which it is not necessary 
to describe further than to say that B is a metal 
vessel open at the top, and by means of the con- 
necting tube A is attached at G to the right arm 
of the balance, and is counterpoised by the weights 
C and D. The lower end of the pointer Z, which 
is in rigid connection with the balance beam, is 
automatically pressed against the recording sheet 
every ten minutes, and any shifting in the balance 
beam due to an increase or decrease in the water 
in B (and A) is therefore recorded at ten-minute 
intervals. The middle diagram shows on a very 
much larger scale the swammer (time of no frosts) 
arrangement of the exposed portion of the apparatus. 
A passes through a hole in the roof of the small 
building devoted to the instrument, so that B is 
above the roof. A small louvred shelter, M M, 
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protects the vessel B. There is fitted to the top of 
B a shallow pan D, with a tube E passing through 
the bottom, and with the mouth e just below the 
edge of D, which is filled with water up toe This 
water forms the evaporating surface, At the top of 
the shelter M is placed the rain collector F, from 
which the water flows through G into D, and from 
thence over into e, from which it is drawn off, 
through the cock H, at convenient intervals. The 
thermometer t shows the temperature of the water, 
and the thermometer T the temperature of the air in 
the shelter. When rain is falling, the water in D, B, 
and the secondary tubes e and A, increases the weight 
on the right arm of the balance, which causes a 
motion of the recording pointer. When no rain is 
falling and evaporation is taking place the weight is 
less, and a retrograde motion of the pointer takes 
place, These differential motions are easily read off 
from the recoiding sheet, and where the record is 
made only once in ten minutes, in case of showers of 
short duration, slight inaccuracies may enter, due to 
the compensatory evaporation during a portion of the 
interval of time, of the rain that has already fallen. 
Sprung’s method of making a continuous iecord by 
the shifting-weight method would seem to be very 
applicable in the arrangement of this instrument. 
(See Barographs.) 

In winter Wild replaces the metal pan D by the 
close-fitting cylinder H (as shown on the right-hand 
side of the illustration), and exchanges for the 
collector F the bottomless collector KKLL, The 
snow now falling into the open mouth of K passes 
downwards into B, and can become heaped up into 
H as it accumulates, but before it reaches up to 
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where it can touch L it must be removed from the 
gauge. Also in winter the mouth of the tube A is 
stopped up by means of a plug, so that it may not 
become filled with ice and become troublesome. 


§ 5.—Measurement of Clouds and Sunshine. 


Clonds,—The measutements of degree of cloudiness 
which are made by meteorological observers in general 
are exceedingly rough personal estimates of the rela- 
tive portion of the sky which happens to be cloud- 
covered at the time of observation. It is now almost 
universally the custom to consider the whole dome of 
the sky from the zenith to the horizon as represented 
by 10, and to represent the degice of cloudiness by a 
scale from o (clear) to 10 (entire sky overcast), The 
matter of estimating the relative portion of the sky 
which is covered is left almost entirely to the judg- 
ment of the observer, who, unaided by amy apparatus, 
glances at the clouds and makes an estimate that a 
certain amount of cloud is visible; and so he enters 
in his observation book, 1 for a small amount of 
cloud, 2 for a little larger amount, &c, up to to, 

In the accompanying diagram (Lig, 52), taken 
from a paper by Laurenty in Wild’s Repertorinm, 
vol. x, are shown the relative amounts for cach tenth 
of the sky from the horizon to the zenith, For 
instance, a band extending around the whole horizon 
to a height of 57° would be 1 on the scale of o-10, 
and would be just equal to the portion of the sky 
overhead extending to 25'8° from the zenith. 

It may generally be said that the difficulty of an 
estimation increases with the increase of the zenith 
distance ; and some meteorologists go so far as to 
take no account of the clouds below the altitude of 
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46°, And this last rule has the stionger claimf when 
it is considered that when a cloud is seen in the 
horizon we observe its vertical extent, while in the 
zenith only the base is to be seen, 

Very few measures of thickness of clouds have 
been made, so that the great majority of observa- 
tions merely denote in what proportions the various 
portions of the earth are screened by the clouds with- 
out regard to the density of this screen, 

Perhaps the most efficient aid to judging of the 





, 


Fic. 52. 
portion of sky covered by clouds is a cone-shaped 
framewoik of wire, such as is used at Pawlowsk. 
The eye of the obscrver being at the apex of the 
oone, the successive circles of wire as outlined against 
the sky divide it into zones, and the amount of 
cloud in each of these can be quite accurately 
estimated. 

Altitude of Clouds.—It is a very important matter 
to obtain the elevation of clouds above the eaith’s 
surface, not only in order to measure the velocity of 
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the upper-air currents, but also to study the manner 
of cloud-formation ; for cach of the recognised types 
has a distinctively physical cause, some of which are 
known with considerable certainty, but others are as 





Fig. 53, 


yet metre speculation. A number of ‘methods have 
‘becn proposed, the most successful of which promises 
“to be that of simultancously photographing the same 
cloud-region by means of two cameras mounted on 
alt-azimuth stands at the ends of a carefully measured 


156 MODERN METEOROLOGY. 


baseline Knowing the altitudes and azimuths of any 
common points on the two photographs, and the 
length of the base line, a simple trigonometric com- 
putation (1apidly cairied out by prepared tables or a 





giaphical process) gives the elevation, and the photo- 
graph shows exactly the kind of cloud which has 
been observed. Such an instrument is the photo- 
nephoscope (see Fig. 53), used at the Kew Obser- 
vatery, and mounted by Abney about 1883. 
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The instrument in actual use is shown in Fig. $4, 
where one of the complete base stations is to be seen, 
The large tripod supports an overhead framework, 
which is necessary in adjusting the instrument, Com- 
munication is kept up between the observers at the 
two stations by means of signal flags and telephone 
connection, In fact, the telephone admits of such 
ready communication between the two stations that 
very useful obseivations can now be made ditectly 
by the observers without the application of photo- 





Fig. 55. 
graphy, because the identification of some chosen 
point can be made with considerable certainty, which 
was an impossibility with slower methods of commu- 
nication. ' 

Sunshine—The Campbell-Stokes sunshine recorder 
is the only instrument which has been used to any 
extent for the purpose of measuring the amount of 
sunshine; and beyond its introduction at some 
of the stations controlled by the English, its use is 
almost entirely limited to some few large observa- 
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tories. This instrument (see Fig. 55) consists of a 
spherical lens with the focus at a little distance from 
the suiface, Partially encircling the lens is a strip of 
mill-board, so bent that its surface, held by means of 
a framework, coincides with the focal distance of the 
lens. The sun’s rays passing through the lens burn 
a hole in the mill-board, and as the sun shifts its 
position the burning point on the board is likewise 
shifted, so that a natrow strip is burnt out. When 
clouds intervene this burnt strip becomes a broken 
line, so that its burnt part represents the time of 
sunshine and the unburnt part the time of cloud, 
By means of a graduation on the paper these times 
aie converted into hours and minutes; but there is 
always a slight inaccuracy due to lack of definiteness 
in the edges of the burnt places, and the passage of 
clouds which obscure the sun for only three or four 
minutes is hardly noticeable, 

A more accuiate but much more troublesome 
method is the exposure of sensitised paper, which is 
affected by the action of sunlight, ; 

Of the various other methods which have been 
proposed, and, as has been the case with many other 
devices for making meteorological observations, put 
into use by individual meteorologists, mention will 
only be made of Pickering’s suggestion to apply in 
this case a variation of the idea which he has used 
so successfully with his meridian star photometer at 
Cambridge, U.S. The pole star has very little motion, 
and if a slowly-moving photographic plate is exposed 
toward it, a continuous record will be obtained on 
clear nights ; but this will be broken by the passage 
of clouds which hide the star from view. Rotch has 
applied this method successfully at the Blue Hill 
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Observatory in Massachusetts. It will be seen tat 
this method is supplementary to the Campbell-Stokes 
sunshine recorder, as the one can be uscd only by 
night and the other by day; but there would still 
remain the twilight hours uniecoided, 




























































































For obtaining a record of the times of cloud and 
sunshine the registering actimometer (Fig. 56) appears 
to be an especially valuable instrument, This con- 
sists essentially of two thermometers, one with a 
plain bulb and the other with blackened bulb, but 
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cach placed in a vacuum chamber of glass. The 
form of registration shown in Fig, 56 is that made 
by Richard, of Paris. The record of the blackened 
bulb thermometer would show almost instantly the 
changes from cloud to sunshine; and in addition a 
computation would show the relative intensity of the 
sunshine on successive days. A good illustration of 
this is the use made of the actinometer by Upton 
on the Solar Eclipse Expedition to the Caroline 
Islands in 1883. By adopting Ferrel’s formula for 
reducing actinometer observations he was able to 
show that on the day of the cclipse there must have 
been a slight haziness of the atmosphere, as the 
actinometer showed a Icss intensity of sunshine than 
was observed on other clear days, the amount being 
quite constant for some other days, 


§ 6.—ALeteoralogical Observataries, 


History of their developntent.—For several centuries 
the word “observatory” conveyed only the idea of an 
astronomical observatory, and this meaning has be- 
come so deeply rooted that even now very few people 
would ask, ‘What kind of an observatory?” if refer- 
ence is made to some institution under this name, In 
fact, in the earlicr days of meteorology, the observa- 
tions which were made and the apparatus used were of 
such a simple character that the place of observation 
was that which suited personal convenience and 
was freely changed at will, requiring no specially 
constructed building which distinctively marks the 
location of a telescope. The early observers were 
mainly physicians, teachers, cultivators of natural 
science, ecclesiastics, and others, who had no special 
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training in the use of instruments of precision, But 
astronomers also made observations and kept careful 
record of the meteorological clements; this they 
could casily do, as it required but a few minutes’ 
time at stated intervals, and would not interfere 
with their regular work, of which it gradually became 
a part. ° 

But as astronomy became a more exact science, 
astronomers increased also the accuracy of meteoro- 
logical methods; and it was to them, more than 
to the early experimenters in physics, that we owe 
the gradual development of the modern systems of 
meteorological observing. In later years the intro- 
duction of observations of temperature and pressure 
of the atmosphere into astronomical computation 
rendercd imperative the making of accurate obser- 
vations of these elements at the various observatories, 
The permanency of location of the astronomical 
observatories has greatly increased the value of the 
meteorological observations made at them, and they 
furnish reference or normal conditions for the reduc- 
tion of irregular observations at different places in 
their neighbourhoods, The observations made at the 
Paris and Greenwich Observatorics furnish excellent 
examples of these long-continued records, For in- 
stance, the rainfall observations at Paris extend back 
over two hundred years. 

In the astronomical observatories, too, the instru. 
ments were of the best construction, and these came 
to be used as standards for those of inferior con- 
struction and stability used elsewhere. This was 
particularly true for barometers. 

A long continuance of this condition made me 
teorology seem to bea part of astronomical work; and 

12 
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so, when national meteorological undertakings were 
commenced, the chief astronomical observatories were 
deemed the proper places for such centralisation as 
was necessary in carrying on this work: and when 
delicate self-registering apparatus came into use, the 
astronomers were about the only class of regular 
observers who had acquired the skill necessary for 
their manipulation. It was about ‘the same with the 
making of observations of the earth’s magnetism. 
Perhaps the most perfect development of this rela- 
tion was that existing at the Paris Observatory up to 
within about fifteen years. 

The interest which was aroused in observations of 
the phenomena of terrestrial physics by the work of 
Humboldt, about the beginning of the century, and 
which was continued a little later by Kupffer, Kaemtz, 
Sabine, and others, resulted in the gradual divorce 
of meteorology from astronomy ; and it has become 
almost complete, so far as outside influence is con- 
cerned, although many astronomical observatories 
still continue to publish meteorological observations. 
While the independent organisation of many of the 
meteorological services was effected before this time, 
yet it was not until about the year 1850 that the 
great meteorological institutions, which have now 
become quite general, began to have an actual 
existence. The Central Physical Obseivatory of St. 
Petersburg and the Kew Observatory of the Royal 
Society are about the best examples we have of the 
newly-created institutions of that period. 

Passing over the developing process which such 
meteorological institutions have undergone, but noting 
the fact that they early extended and still give to the 
depaitment of magnetism the same nurture which 
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meteorology formerly received from astronomical 
observatories, their present general features will be 
outlined. 

Central Observatories. —In each country which 
possesses a network of meteorological stations, there 
is a central institution, from which the work of the 
stations is directed and controlled, and to which their 
observations are sent for publication and discussion, 
or use collectively. These institutions have in general 
the same plan, but each one presents some special 
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development of ong or more features which gives it 
a distinct character of its own; and in noting the 
various fields of usefulness, special attention will be 
called to the institution showing thom most markedly, 
although this last must be to a great extent a matter 
of personal judgment. 

Before proceeding with the description of these 
central observatories, attention is directed towards 
the Paris Municipal Observatory of Montsouris (Fig, 
57). The work of this observatory includes not only 
the study of the air from the metcorologist’s stand. 
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point, but also from that of the chemist ; and it is an 
institution which should be duplicated in every large 
city in the world. There are probably no more 
interesting repoits of such work than the series of 
annual volumes devoted to “Meteorologie—Chemie 
—Micrographie, Applications 4 l’Hygiene,” which is 
published (by Gauthier-Villais, Paris) under the title, 
Annuaire de f’ Observatoire Municipal de Montsouris. 
As these institutions were primarily needed as 
depositories for the collection and publication of 
observations from scattered observatories, they all 
perform this work, and in most cases it is done as 
well as could be wished. As the extent of country 
to be covered by each, and the corresponding 
number of tributary stations is very different for 
the different countries, this work is carried on by 
various systems, ranging from the method of the 
United States Weather Bureau, Washington, in 
which a large force of workers must necessarily 
perform their prescribed duties in a more or less 
mechanical manner, to that of the Austrian Bureau 
at Vienna, where similar work is done by, or at 
least comes directly under the eye of, scientists, any 
of whom could creditably direct the affairs of such 
an institution. In fact, this idea seems to be a 
governing one at the Vienna Central Meteorological 
Institution; for it is the most conservative of all 
the great central offices ; its official work consisting 
of the making of local observations, the oversight 
of its secondary land stations, the preparation of 
the data thus collected for the international form of 
publication, and the issuing of weather forecasts from 
a city office totally removed from the main Obser- 
vatory at Hohewarte ; and probably nowhere else can 
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one find the unity and air of cosiness which is to 
be met with there, and which is due to the housing 
under one roof of about all that pertains immediately 
to the institution. At this observatory nearly all of 
the upper portion of the building is used as dwelling 
apartments for the chief scientists, thus allowing them 
to have easy access to the splendid library and to the 
work-rooms at all times. It must be remembered 
that this observatory has been a centre of inter- 
national interest, and its influence widely felt through 
the agency of the meteorological journal which has 
been edited there for nearly twenty-five years, and 
although the official tabular publications contain little 
personal wo1k of the director, Dr. Hann, yet his Won- 
derful industry as a meteorological writer and critic, 
as shown in other channels, is unsurpassed, 

While some of these Central Bureaus are so located 
as to combine the work of centralisation and that of a 
well-equipped and located observatory, such as is to 
be found at Héhewartc, Vienna, and at the Scewarte, 
Hamburg (Fig. 58), yet in most cases it has now 
come to be considered desirable to separate the two 
kinds of work by having a city office for adininistrative 
work, and an affiliate observatory at a sufficient dis- 
tance in the country to ensure its best and most suc- 
cessful operation, Thus we find Kew Observatory to 
a great extent under the direction of the London 
Meteorological Office, Pawlowsk related to the Central 
Physical Observatory at St, Petersburg, and Pare St, 
Maur under the Central Meteorological Burcau at 
Paris. This is certainly the proper arrangement for 
securing the retirement and uninterrupted routi1e 
which are so necessary for the highest development 
of observatory work, 
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Special Work of some Observatories-~The woik of 
verification of instruments to be used in making ob- 
servations is a most important function of these central 
institutions, but such a department of work is much 
more fully developed in some than in others. No 
observatory has carried this on with a greater degree 
of success than that at Kew (Fig. 59), which is known 
all over the world by the certificates it has issued 
with instruments for use in nearly every land, While 





this work at Kew is not of a higher order than that 
at some other institutions, as, for instance, the Central 
Physical Observatory at St. Petersburg, yet its in- 
fluence has perhaps equalled that of all the others 
combined, especially in the extension of the matter 
to questions of practical life. About twenty ycars 
ago it was decided to take advantage of the reputa- 
tion already acquired by the observatory, and establish 
a bureau for the testing of ceitain kinds of apparatus, 
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but principally those used in terrestrial physical 
measurements, and to make a regular charge there- 





for. This work at Kew has grown to enormous 
dimensions, and the number of instruments verified 
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in 1890 was almost 20,000, of which about 12,500 
were clinical thermomete:s. The ievenue derived 
from this department defrays almost, if not quite, all 
the expenses of the whole observatory. The success 
at Kew has emboldened other observatories to follow 
its lead in this partially commercial enterprise. 

The work of weather forecasts and storm warnings 
is cairied on with the highest degree of promptitude 
and efficiency by the Washington Central Office of 
the United States Weather Bureau. This is due to 
the following causes: the woik of predictions has 
been hitherto the chief work of the service, to which 
all else was secondary; the entire time of the 
observers, on whose telegraphic reports the forecasts 
are based, is contiolled by the service; a large amount 
of money is available for telegraphic purposes, and 
the right of precedence in the use of wires is main- 
tained; and as most of the storms come from the 
westward, they cannot approach the Central and 
Eastern United States so unexpectedly as those 
aitiving on the European coasts. Of the European 
weather forecasts and storm wainings, those by the 
English office at London, and the German office at 
Hamburg, are the most important and the most 
efficiently conducted, 

But it is as meteorological observatories that these 
central offices deserve most attention; as it is to be 
expected that one will find there the model organisa- 
tions of the country not only as regards methods, but 
also apparatus, and that the highest ideal of what 
constitutes observational meteorology will be realised. 
In many cases it has been impossible for the present 
meteorologists to cariy out their own ideas very fully, 
as they have been obliged to make use of apparatys 


APPARATUS AND METIIODS. 169 


already provided, and an adequate sum of moncy to 
carty on the work, as it should be done, is not at their 
disposal. 

The Observatory at Pawlowsk, Russia—As a clearer 
idea of the work done at one of these observatories 
can be obtained by describing an actual case, the one 
which seems to me to be the nearest to the ideal 
observatory has been selected for this purpose. 

The Pawlowsk Observatory came into existence 
under the most favourable circumstances. The director, 
H. Wild, whose ideas are embodied in it, had devoted 
a great amount of time during the fiftcen years pre- 
ceding its foundation to the study of an improvement 
in meteorological apparatus. His equipment of the 
astronomical observatory at Berne with meteorological 
apparatus (before and about 1865) marks an important 
epoch in the history of applied meteorology; and 
when, a few years later, he becatne director of the 
Cential Physical Observatory at St. Petersburg, and 
consequently also of the Meteorological Service of 
Russia, he instituted equally important improvements 
in the methods of using meteorological apparatus, and 
especially in the manipulation of data furnished by 
self-registering instruments, But the facilities at his 
disposal were not just what were necessary to carry 
out fully his ideas: the opportunity for this came 
with the building of the Pawlowsk Observatory in 
1876. Situated in a corner of the park of the Grand 
Duke Constantine, about twenty miles south-east of 
St. Petersburg, and one and a half miles from the 
village and summer resort, Pawlowsk, the observatory 
is located in a partially cleared grove of fir trees 
near the juncture of the wooded and open country, 
The land around is Jevel or slightly rolling, and the 
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buildings are so situated that the exposition of vatious 
instruments is good, except in the case of the anemo- 
meter, which may not be ata sufficient distance above 
the level of the tree-tops to feel the full force of the 
wind, 

In order to obtain proper drainage, advantage was 
taken of the natural slope of the land to draw into an 
excavation the surface water and thus form a pond, 
which could also seve for evaporation measurements 
on a large scale. 

The method of detached buildings which has 
giown in favour with astronomers, was adopted as 
the plan of arrangement. The grounds lie between 
two highways, and on the side of the main entrance 
are placed the half dozen economic buildings, resi- 
dences for the staff, &c, and at a distance of about 
150 feet from the road is placed the main observa- 
tory building (rear view, Fig. 60), At some distance 
to the rear of this building are various minor build. 
ings for the exposure or housing of single instruments, 
while still further back and near the centre of the 
grounds aie the main magnetic buildings, one of 
which, above ground and of wood, is for absolute 
magnetic measutes, and the other is an under-ground 
(or rather, earth-covered) chamber, and contains the 
self-registering magnetic apparatus. The buildings 
and equipment cost originally about 415,000. 

The principal building, most of which, as is usual 
in such institutions, is mainly given up to the acces- 
sory work 1ather than direct observation, has the 
floor of the lower story slightly elevated above the 
ground, and in this story are the porter’s dwelling 
room, a mechanic’s work-room fitted up for metal and 
wood working, a physical laboratory room with the 
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necessary comparator for measurements of length, 
scales, arrangements for magnetising steel magnets 
and investigating them, a chemical laboratory, a 
photographic laboratory and daik room, a battery 
room, and at the centre there is placed a central heat- 
ing apparatus. Above this last, in the centre of the 
second story, is a small vaulted rotunda, in which are 
kept those instruments which require a constant tem- 
perature, viz., self-registering barometers, clocks, chro- 
nometers, &c.; and surrounding this central room is 
a room for the superintendent, one for the physicist 
or senior observer, two large ones for the younger 
obset vers and library, and one for the current observer; 
and this last room contains a number of meteorological 
instruments and self-registers, and is connected with 
the magnetic observatory by telephone. The roof of 
the tower is 23'5 metres above the ground, and serves 
as a place for observation of clouds, as well as 
for the exposition of a sunshine recorder, rain-gauge, 
registering wind-vane, and anemometers; these last 
being mounted from 3 to 5 metres above the platform. 
Special attention is called to the peculiar construction 
of the tower near its roof, that shape having becn 
chosen which was considered as best adapted to pre- 
vent viliating effects of winds deflected by such an 
obstacle as the tower. 

Attached to the north side of the building, near the 
ground, is a large instrument-shelter open towards the 
north (see Fig. 60). This shelter is 5 metres high, 
and 5°3 metres long and wide, and the roof is double, 
and slightly inclined. The side nearest the building 
is made up of glass windows and doors, which allows 
space for a coriidor between this and the wall of the 
building, and in case of extra icfinement of observa 
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tions the instruments can be read through these 
windows by means of telescopes. The sides of the 
shelter are open to a height of 1°5 metres, but above 
this are closed by adjustable louvred blinds, The 
various instruments are approached by means of 
wooden grating walks ; otherwise, the shelter is floor- 
less to the sod beneath. 

The instruments aie mounted on scpaiate piers or 
piles. In this large shelter are placed: the special 
thermometer shelter for diiect observation of the 
temperature and humidity of the air by means of the 
psychrometer, hair hygrometer, maximum and mini- 
mum thermometer, self-registering thermograph and 
hydrograph ; the inner shelter for the direct observa- 
tions having a ventilating pipe reaching above the roof 
of the main shelter. A photographic psychrometer of 
the Adie (Kew) pattern, and a scale evaporimeter for 
direct observation complete the list of instruments 
exposed here. To the north of this main building 
is a large cleared space (partly shown in the fore- 
ground of Fig. 60), in which are located various 

_isolated instrument shelters and other smaller build- 
ings in which instruments are mounted, 

I am indebted to Director Wild and the Super- 
intendent, Dr, Leyst, for the following details con- 
cerning the Pawlowsk Observatory, They show the 
methods of a well-appointed meteorological observa- 
tory with a completeness not heretofore published. 

Personnel of the Pawlowsk Observatory—-To con« 
duct a completely equipped observatory the time of 
at least three persons is necessary, in order to carry 
on the meteorological observations and reduce them 
for publication ; the addition of another person will 
permit the parallel! work to be done for observation 


174 MODERN METEOROLOGY. 


of the earth’s magnetism. At Pawlowsk the staff 
consists of a superintendent, a senior observer, three 
junior observers, a skilled mechanic, and one or two 
persons to perform the duties of messenger, &c. 

The superintendent, in addition to his responsi- 
bilities as such, personally supervises the working up 
of the magnetic observations, while the senior obser- 
ver does the same for the meteorological observations. 
These two positions are filled by men of decided 
scientific talents and attainments, who have had a 
careful preliminary training at the Central Physical 
Observatory ; the secondary position having in fact 
served as a stepping-stone to higher positions of 
scientific trust fora number of men. ‘The younger 
observers have been men of more moderate attain- 
ments, and their work is entirely a routine; and con- 
sists of the making of piescribed observations, and 
doing the labotious part of putting these in a form 
for use in the discussions made by their senior 
officers, There is also a large amount of observing, 
such as the determination of instrumental constants, 
investigations of new instruments and methods, which 
devolves upon the supe1intendent and senior observer, 
During the summer months, when the Director resides 
at Pawlowsk, a gieat amount of such work is carried 
out, or planned for future development. 


METEOROLOGICAL INSTRUMENTS IN USE AT TUE 
PAWLOWSE OBSERVATORY IN MAY, 1891. 
I. Air PRESSURE, 
Far Direct Observation, 
I. Mercurial barometer, Fuess No. 247, 1st class, 


for controlling observations and manipulation 
of the barogiaph. 
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2, Mercurial barometer, Turettini No. 58, and 
class, for observations as at stations of second 
order. 


Self- Registering. 

3. Mercurial balance barograph, Wild-Hasler, with 
temperature compensation and arrangement 
for overcoming the adhesion of mercury to 
the glass; for hourly values of pressure to 
be published. Registers electrically every ten 
minutes, 

4. Mercurial balance barograph, Sprung-Fuess, 

. with sliding weight, tapping apparatus for 
overcoming the adhesion of the mercury to 
the glass, without temperature compensa- 
tion, Registers continuously. For control, 

5. Aneroid-barograph of Richard Bros. Registers 
continuously. For control, 

Nos, 1 to 4 stand in the round central 
vault-like hall with almost constant tem- 
perature; No. § stands in the room for 
day service, All at the same altitude. 


I]. AIn TEMPERATURE, 


For Divect Observation. 


Mercurial enclosed scale (Fuess) thermometers 
of Jena glass, spherical bulb, graduated to 
pO 

1, In the sheet-zinc small shelter in the normal 
shelter (Wild’s normal exposure), for stations 
of second order, Ventilation current 2'5m, 
per second, 


176 MODERN METEOROLOGY. 


2. In the sheet-copper shelter with lattice floor 
in Wild’s new shelter. Ventilation 5m. per 
second. For control and comparison. 

3. In the case of the thermograph B, Wild-Hasler, 
on the grass plot; for the manipulation of 
the thermograph registers. 

4. In the shelter of the thermograph C, Wild- 
Hasler, near the house; for the manipulation 
of this thermograph. 

5. In the sheet-copper shelter, near the Aouse, 
ventilation 24m. per second ; for comparison 
with the exposure on the house, 


Self-Registering. 


6. Thermograph B of the form Wild - Hasler, 
bimetallic spiral (platinum-silver), electrical 
control register every 10 minutes, natural 
ventilation through walls made of louvred 
blinds and a 3m. high black painted chimney, 
in Wild’s shelter, on the open grass plot; for 
the publication of hourly tempeiature values. 

g. Thermograph C, Wild-Hasler, same as 6, but 
brass-steel spiral and shorter ventilation 
chimney, in the thermometer pavilion, with 
walls of louvred blinds, open towards the 
north, on the north side of the main build- 
ing. For control, 

8 Thermograph by Richard Bros., in Wild’s nor- 
mal shelter, with a Bourdon tube, registering 
continuously for 7 days on a single chrono- 
graph sheet, 
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Extreme Thermometers. 


9g. Maximum : Mercurial ther- Ti tue enolase 
mometer with long de- with 
tached column of mercury. 


a ther raph B, 
Minimum: Spirit thermo- Ovi ccs 


meter with index = - 

1o. Maximum and minimum thermometer, same 
as 9, in the shelter of thermograph C, Wild- 
Hasler, 

Nos. 1, 2, 3, 6, 8, 9, in shelters, distant 
40~50 metres from trees and buildings ; 
Nos, 4, 5, and 10 in the same as No. 7. 


III. EARTIT TEMPERATURE, 


1. Under pure sand surface of the fineness of 
quartz sand, and free from sod and snow. 

1 thermometer (common) on the surface, 

4 thermometers (common) in vertical glass 
tubes, the bulbs in brass hoods, at the 
depths of o'os5m.,, o'lom., o'20m., o'4om. 

4 thermometers in ebony tubes at the 
depths o'gom., o’80m,, 1'60m., 3'20m. 

4 thermometers in clay tubes at the depths 
9'4om,, o'80m., 1'60m., 3'20m. 

i maximum and 1 minimum thermometer 
(like IL, 9) on the surface. 

2. Under the natural surface (in summer under 
sod, in winter under snow) The ground of 
the fineness of quartz sand. 

5 thermometers in ebony tubes, which pro- 
ject one metre out of the ground and are 
painted white, at the depths of o‘oom., 
o’'20m., o'40om,, o’8om., 160m, 

13 
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3. On the natural surface (in summer on close-cut 
sod, and in winter on snow). 
1 common thermometer. 
I maximum and I minimum thermometer, 


like IL, 9. 


IV. RADIATION. 


1 radiation thermometer by Hicks (black bulb in a 
vacuum). 


V. MotsTurRE. 


for Direct Observation. 


1. Psychrometer in Wild’s normal shelter 
2. Hair Peal (see II., 1). 

3. Psychrometer in Wild’s new shelter (see II., 2). 
4. Psychrometer in sheet-copper shelter near the 

building (see IT,, 5). 

5. Psychrometer ae the shelter of the thermo- 
6, Hair hygrometer) hygrograph B (see IL, 6). 
7. Psychrometer i the shelter of the thermo- 
8. Hair hygrometer } hygrograph C (see IL, 7). 


Self-Registering. 

9. Hygrograph B, Wild-Hasler, 1 hair, electrical 
contact register cvery 10 minutes (see II, 6) ; 
for hourly values of absolute and relative 
moisture. 

10, Hygrograph C, Wild-Hasler, 1 hair (see IL, 7); 
for control. ; 

11, Hygrograph, Richard Bros., fitted with hair 
registering’ continuously for 7 days, in the 
‘Wild normal shelter. For control. 
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12, Hygrograph, Richard Bros,, fitted with horn, 
registering continuously for 7 days. For 
comparisons, 


VI. PRECIPITATION AND EVAPORATION, 


For Direct Observation. 

I, I pair Wild's rain-gauges for observations as at 
stations of second order. - 

2. 1 pair Wild’s rain-gauges with Nipher's shield, 
for special observations (published in the 
Annaler) and control. 

3. Wild’s balance evaporimeter in a louvred shelter 

on the open lawn. 


Self Registering. 

4. Ombro and atmograph, Wild-Hasler, with sepa« 
rate winter and summer collectors, a balance 
like that for Wild’s balance-barograph, elec+ 
trical contact registers every 10 minutes, in 
a shelter on the open lawn, evaporation basin 
in a louvred shelter on the roof. Used for 
the hourly record of the evaporation and pre- 
cipitation. Is controlled by the rain- -gauge, 
and balance evaporimeter. 

‘ All these instruments stand near each other on the 
open grass plot. 


VII. DIRECTION AND FORCE OF TIE WIND, 


For Divect Observation. . 
Anemograph, Oettingen-Schultz, Direction in 
degrees of the vane on the tower. For‘ con- 
trol on the wind registration by electrical 
transrhission of 8 recording pencils. (16 direc. 
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tions) in the observing room below. Force, 
read on the apparatus in the tower, for 
control on the indicator (electiical transmis- 
sion) in observing room below. 


Self-Registering. 


Anemograph, Munro, registers continuously on 
metallic paper the force and direction of the 
wind, 


VIII. CLOUDINESS. 


For direct observation, a cone formed of wires, 
and including 120°, in which the field of 
observation is divided into four parts by cross 
wires directed towards the cardinal points of 
the compass. J’o1 observations of the whole 
sky from the tower, as at stations of the 
second order, no instrumental means are 
employed. 

An instrument for determining the angular 
velocity and direction of the clouds, by Fine- 
man’s method, and a cloud camera with an 
angular opening of go®, for direct observation 
and photography (by Hesekiel, Berlin) are 
not in regular use. 


IX. SUNSHINE, 


1. Ileliograph by Campbell (sunshine recorder) ; 
for the publication of hourly values. 
2. Heliograph by Jordon, photographic, for control. 
Both instruments stand on the platform of the 
tower, with free exposure. 
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X. ELECTRICITY OF THE AIR, 


Electrometer, Mascart-Carpenticr, Wild’s water 
collector with constant water-pressure, and 
Mascart’s form of foot receiver. 

Wild-Edelmann scale telescope which is, at the 
same time, arianged for direct readings and 
for photographic registration. A transport- 
able electrometer by Exner, Vienna, is not 
in regular use. 


XI. HEIGHT OF SNOW. 


6 metal strips divided ‘into centimeters ; one 
stands in a wooded exposure, the other 5 in 
an open exposure, | 


DAILY ROUTINE OF TIIE METEOROLOGICAL OBSERVERS 
AT THE PAWLOWSK OBSERVATORY (IN MAY, 1891), 


The three younger observers have, alternately, 24 
hours of observing service, another 24. hours of sub- 
service, and the third 24 hours free. The observer in 
sub-service is regularly on duty from 9 A.M, to 4 P.M, 
except from 12 to 1, The one in service is on duty 
from 6.20 A.M. to 9 A.M,, after being awakened shortly 
before 6 AM. by a night watchman observer, and is 
released at g A.M. by his successor, who remains on 
duty till 2,10 P.M., and then after diriner at 4 P.M, is 
again on duty till 10.10 P.M.; if there isa thunder- 
storm in the night he is awakened by the night 
watchman. From 2.10 to’4 P.M, his place is supplied 
by the observer in sub-service. 

‘ ‘The daily order of making the regular observations 
is as follows -— 
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6,20'6,38 A.M. 


6.38 A.M. 


6.39 A.M. 


6.43 AM. 


6.44. A.M, 


647 AM. 
648 AM. 


650 AM. 


652 A.M, 


6.55 AM. 


Revision of instruments; in 
winter the cleaning of frost 
from the thermometers ; 
moistening the psychrome- 
ters; comparison of the 
pocket-watch of the observer 
with the standard clock of 
the observatory. 

First reading of O¢cettingen’s 
anemometer. 

Reading of the electrometer at 
rest, and connecting it with 
the water collector. ; 

Observation from the tower of 
the quantity, form, and direc- 
tion of clouds for the whole 
heavens, 

The wind direction read in 
degrees from Oettingen’s 
anemograph. 

Observation of atmospheric 
electricity. 

Second reading of Oettingen’s 
anemometer, 

Reading the attached thermo- 
meter and control barometer 
(Fuess) of the Ist class. 

Reading attached thermometer 
and station barometer (Turet- 
tini) of the 2nd class, 

Reading the psychrometer before 
ventilation in the copper 
shelter on the north side of 
observatory. 
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6.56 AM, Reading radiation thermometer, 


6.57 AM, 


6.58 AM, 


7,00 AM. 


7.01 AM. 


7.02 AM. 


7.03 AM. 


7.04. AM. 


7.06 AM. 


7.10 A.M. 


and thermometer on the sod. 

Reading psychrometer after wo 
minutes of ventilation. 

Reading psychrometer and hair 
hygrometer before ventilation, 
in the zine shelter within the 
isolated normal wooden shel- 
ter. 

Reading same as preceding, 
after ventilation. 

Reading psychrometer, before 
ventilation, in, the sheet 
copper shelter with lattice 
floor, in the new shelter. 

Clouds observed through a cone 
of 120°; amount, form and 
direction of motion, 

Reading psychrometer, after 
ventilation, same as at 7.01, 

Reading earth thermometers in 
a sand surface free from snow 
and sod, at the depths o‘ocm,, 
oo5m., 0'20m., o'40m., o'8om, 

Reading 4 ground thermometers 
under the natural surface (sod 
or snow) at the depths o'oom., 
o'20m., 0'40m., o'8Om.; mea- 
suring the height of the snow 
in winter. 

Reading psychrometer and hair 
hygrometer in the shelter of 
the thermo-hygrograph B 
(Wild-Hasler) on the lawn, 
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These are used for the mark- 
ings, at 7.10, on the thermo- 
hygiaph and Ombro-atmo- 
graph. 

7.12 A.M. Temperature, of the water in the 
evaporation vessel of the 
evaporimeter, in the evapora- 
tion vessel of the Ombro- 
Atmograph, and the air in 
the shelter with these, 

7.13 AM. Exchange of the rain-gauge, and 
measure of the precipitation ; 
if snowy, after the melting of 
the snow. 

7.19 AM. Wind direction (to 16 direc- 
tions), and the first reading 
of the indicator of the wheel- 
work on the anemometer 
Oettingen-Schultz. 

7.20 AM. Second reading on this wheel- 
work, and tepetition of the 
wind direction. After this 
the reference marking is 
made on the balance baro- 
graph Wild-Hasler. 


7.22-7.50 AM. Reduction of the observations 


just made and entering them 
in the prope®columns, 


7.50-8.10 AM. Magnetic service. 
§.10-8.20 AM. Arranging and telegraphing the 


meteorological telegrams to 
the Central Observatory at St. 
Petersburg, by means of a 
telegraphic appatatus, in the 
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service room, used by the 
observer in service. 

8.20-900 A.M. Completing the reductions, and 
service in the photographic 
laboratory. 

9.00 AM. At go’clock change of observers 
for 24 hours. 

900-9.58 AM. Control of all reductions and 
computations of the obsétva- 
tions of the previous observer 
in the last 24 hours. Service 
in the photographic and 
chemical laboratory, 

10.00 A.M. Reading the psychrometer and 
hair hygrometer in the shelter 
of the (second) thermo-hygro- 
graph C, by Wild-Hasler, and 
matking the registration at 
Io AM. 

10.02 A.M,-12.20 P.M. Continuation of the work of 
9.0-9.58, and afterwards work 
on the records of the self- 
registering instruments, 

12,20-1.03 P.M. The same as from 6,20-7.03, 
except that from 12.39~-12.48 
the anemograph Munro is 
to be attended to (paper 

y changed, clock wound, &c.). 
1.04 P.M. Reading of 13 ground thermo- 
meters under a sand surface 
at rthe depths o'com, to 

3°20m. * 
1,06 P.M, Reading of § ground thermo- 
meters under the natural sur- 
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face at the depth ooom. to 
160m. 

I.10-I.12 P.M. Same as 7,10~7.12. 

1.13 P.M. Reading of Wild balance eva- 
porimeter. 

I.19-2,10 PM. Same as 7.19 8.10. 

4.00 8.20 P.M. Working up the obseivations 
and registrations of the instru- 
ments. 

§,20-9,12 RBM. Same as 6.20 7.12, except that 
the two heliographs of the 
form Campbell and Jordan 
are to be attended to be- 
tween 8.39 8.43 P.M In 
summer, as long as the sun 
sets after 8.40, this is done 
after sunset. 

9.04. P.M. Reading and setting the two 
extreme thermometers on the 
sand surface. 

9.13 P.M. Reading and setting the ex- 
treme thermometers on the 
natural surface (sod or snow) 
and of 4 extreme thermo- 
meters for air temperature. 

9.19 10.10 P.M. Same as 7.19 8.10 A.M., except 
that in the evening the daily 
averages for all the observa- 
tions are to be computed. 

The extreme care taken in the matter of observing 
is shown by the fact that the standard clock of the 
observatory is regulated by astronomical observations 
made at Pawlowsk, although the great observatory of 
Pulkowa is only a few miles distant. In order to 
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insure greater accuracy an electric time signal is 
automatically transmitted to a local gong, in some 
cases, so that the exact time of observation may be 
made known to the observer, who stands in readiness 
to accomplish his duty at the sounding of the gong. 

On certain days of the week and month there is 
special work to be carried out. Every Monday at 
I1 A.M. four Richard self-registers are to be attended 
to, and on this day water has to be distilled in the 
chemical laboratory. On, every'first day of the month 
the paper for the preceding month is taken from the 
Wild-Hasler instruments and replaced. On the last 
day of every month the books and sheets for meteor- 
ological and magnetic work for the next month are 
prepared, The observer in sub-service, on 16 pre-~ 
scribed days of the month, reads for 2 or 3 hours 
the absolute magnetic variations apparatus. In the 
remaining time he works on observation and regis- 
tration records. 

Numerous series of experimental observations are - 
carried on at the observatory, which require addi. 
tional service on the part of all the observers. 

Every day fifty-eight thermometers for the metcor- 
ological and magnetic service are regularly read by 
the observers. The working up of the meteorological 
results is carried on by two or three of the younger 
observers, and supervised by the senior observer, 
Before the close of the month, the results of the pre- 
ceding month must be completely worked up. The 
first proof sheets of the publications are read by the 
one who has worked up the results ; the second, by the 
one who has supervised them, All constants of the in. 
struments, correction tables, reduction scales, &c., are 
obtained by an observer, and supervised by the senior 
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observer, or by the superintendent. The three younger 
observers work up under the supervision of the super- 
intendent the magnetic observations and registrations. 


§ 7.—Mountain Obsei vatories. 


Early History of Mountain Meteorology.—lt became 
evident, very early in the history of instrumental 
meteorology, that if satisfactory explanations were to 
be given of the observed phenomena, something must 
be known of the conditions existing at some distance 
above the eatth’s surface at ordinary levels, Pascal 
recognised this when he caused the Torricellian tube 
to be carried to an elevated position, in order to note 
the change in atmospheric pressute, 

But the originators or instigatois of what is now 
termed high-level meteorology we:e Saussme; Gay- 
T.ussac, and Humboldt; and each had a separate 
field of action. Saussure’s remarkable woik in the 
Alpine iegion, published in his Voyages dans les Alpes 
(Neuchatel, 1787-1796), was a revelation of what 
could be accomplished by such methods; and _ his 
results were at once applied to the forming of new 
theoies, Gay-Lussac, about this same time and a 
little later, made his wonderful balloon ascents which 
for boldness and impoitance have never been sur- 
passed, except, perhaps, by those of Glaisher ; and his 
observations furnished the necessary data for extending 
the atmospheric theories to regions far above those 
which had been previously visited by man. Hum- 
boldt made an immense number of observations 
during his tiavels in the very elevated regions of the 
New World ; and such was the care exercised by him, 
that even now his results have much more than 
historic interest, although the more complete work of 
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recent years gives them at present mainly a local 
value, 

But it was not enough to gather together the 
results obtained during irregularly conducted excur- 
sions to high altitudes. It was necessary to establish 
permanent places of observation; and this could be 
done only by locating them high up on the mountains, 

Of the mountain observatorics, that on the Schnee- 
koppe, Germany (lat. 50° 44' N., long. 15° 44' E.) has 
probably the eailiest observations, since they date 
from 1786, but the records are fragmentary, and have 
attracted little attention. Most of these observa- 
tories have been established within recent years. 

Use of Observations from Mountain Observatories. 
—In order to understand the conditions necessary for 
the correct classification of elevated observatories, it 
must be made clear what they are expected to ac- 
complish. 

Although much has been said on this subject in 
connection with the establishment of the older moun- 
tain observatories, yct the Vienna Meteorological 
Congress of 1873, in advocating a more universal 
adoption of this kind of work, considered it advisable 
to have a clear statement of the question, and Dr, 
Hann was appointed to make a report, which was 
submitted to the Metcorological Congress of 1879 at 
Rome. In general, these observations are expected to 
give the daily, seasonal, and annual march of the 
meteorological elements at that elevation above the 
sea ; the decrease of temperature, variation of changes 
in pressure, increase of wind velocity, decrease of 
vapour capacily, increase of rainfall (to certain limits 
_and then decrease), &c., with the elevation above the 
sea-level ; and to show what relations exist at dif. 
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ferent elevations during the passage of areas of baro- 
metric maxima and minima, in order to be able to 
formulate a, system of atmospheric mechanics which 
shall take account of the existing phenomena. 

Some few of these questions can be investigated, at 
least partially, at elevated plateau stations, still more 
at mountain stations, where the land gradients have 
merely the necessary steepness to cause a rapid rise 
in elevation; but for investigating all of them it is 
necessary for the observatory to be located on a 
mountain peak above any neighbouring mountain 
tops, and with a companion observatory at the greatest 
possible distance below it (if possible near the sea 
level), but with the horizontal distance between the 
two as smal] as possible; and for the best opportunity 
to study the vertical relations in cyclones and anti- 
cyclones the chosen site for the observatory must lie 
in the path of their greatest frequency. 

Partial List of Mountain Observatories—The very 
great expense attending the construction and main- 
tenance of such observatories, has limited their 
number, and they are for the most part confined to 
Central Europe, where the great Alpine range and its 
far-reaching spurs have offered favourable locations 
in a number of countries, In other regions we find 
that Scotland has furnished one, the United States 
three, and perhaps India some additional ones; but 
these last are probably to be classed among plateau 
stations. Mention must also be made of the occa- 
sional temporary observing stations which have been 
maintained by expeditions, especially in North and 
South America. 

The following table shows the principal mountain 
-observatories, the plateau stations not being given :— 
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CLASS, AS ALTITUDE 
REGARDS ABOVE 
Nam. EqQuIeMENt. SWa-LEVEI. 

Germany. Metres. 
Wendelstein is ew I 1,728 
Schneehoppe ae Pree tt 1,603 
Schneeberg ie we TE 1,215 
Brocken ... ie era a 1,141 
Tlohe Peissenbeig w OI 994. 
Inselsberg .., its we OD O15 

Austria 
Sonnblick . . a war 3,103 
Hoch Obir ; Yee, 2,043 
Schmittenhohe ..  .. IL 1,935 
Schafberg ... ee we =O 1,776 
Gaisherg ... ia ee TT 1,286 

Switzerland, 

Santis ats te aw = iT 2,467 
Rigi-Kulm ie Gat ad 1,800 
Gabris ate sco A 1,250 
Chaumont.,, ..  «. II 1,152 

Staly, 

Etna ee ‘ais ree (9) 2,990 
Mte. Cimone... ve «dT (?) 2,168 
Mte. Cayo . ets sseo DT 966 

France. 

* Pied Nid vad. as Ee” 2,877 
Mount Ventoux ... we oT?) 1,912 
Mount Aigougal ... we TC?) 1,567 
Puy de Déme Te | 1,463 
Eiffel Tower (Pais) * 4... I 300 

Portugal, 

Serra da Estrella .., ree os I,4qt 

Great Britati. 

Ben Nevis... ve pe ok 1,343 

United States. 

Pike’s Peak mre «w. ID 4,308 
Mount Washington wo UO 1,914 


Mount Hamilton (Cal,) ... IT (?) 


192 MODERN METEOROLOGY. 


Probably the Cinchona Plantation in Jamaica, ele- 
vation 4,850 feet, and perhaps some of the high 
stations in India, should be included in this list. 

Fig. 61 shows the observatory at the extreme top 
of the Eiffel Tower ; while Fig. 62 gives an excellent 
idea of the Pic du 
Midi Observatory 
and its surround- 
ings. 

Difficulty in 
establishing Moun- 
tain Observatories. 
—These mountain 
observatories each 
have individual 
characteristics, due 
not only to differ- 
ence in location, 
but also instru- 
mental equipment 
and working force. 
Some of these can 
be pointed out, but 
for completedetails 
it is necessary to 
go to the various 
publications in 
which descriptions 
are to be found. 
Rotch’s papers on the Mountain Observatories of 
Europe, in the American Meteorological Journal, are 
the best summary we have of these, as he visited 
and made a careful study of almost all of these 
observatories. 


Ji 
lila 
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The greater portion of the large sums of money 
expended in the establishment of mountain observa- 
tories was used in overcoming the natural disadvan- 
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tages which had to be dealt with. In some cases it 
was necessary to construct the very roadway over 
which to transport the necessary building matcrial, 
fuel, and food to the mountain top; and on account 


14 
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of the large distances and steep giadients, the tran- 
spottation itself has been exceedingly costly; in 
many cases man powe being all that was available, 
and a few pounds a load 

In the establishment of these observatories a ve1y 
different problem from that fot low-level obsetvatoties 
had to be woiked out. 

In the fitst place, various economic matters needed 
to be planned. Suitable habitation must be pio- 
vided for the obse1ve1s who were to isolate themselves 
fiom their fellow men fo1 months at a time, and in a 
climate whete but little out-of-door life duiing the 
gieater pait of the yeai is possible on account of the 
continued severe cold and sttong winds The living 
1ooms must be duectly connected with the obse1va- 
toiy propel, as maty times it is impossible for the 
obsetyeis to ventuie away from the building Stoiage 
must be provided for fuel and provisions sufficient to 
last through an entire winter, and telegiaphic com- 
munication must be kept up between the observatory 
and some village, whence aid can peihaps be obtained 
In case of emergencies. 

In the planning of the observatory itself, many 
matteis connected with the placing of the various 
instiuments have to be consideted, in o1der to ovet- 
come difficulties which eithe: do not occur for lower 
stations, or are greatly magnified by the exposed 
location of the elevated station. These difficulties 
aie not the same, or rather not equally great, for all 
stations For instance, at stations wheie the air 1s 
very moist, fiost-work fo1ms on the cups of the Robin- 
son anemometer so frequently and so rapidly that 
ordinary records are valueless during the seasons 
when this occurs, On the peak stations, where the 
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full force of the wind is felt, the difficulty in making 
any accurate measutes of precipitation in winter 1s 
vety gieat ; the snow is blown away fiom the gauge 
or drifts over it, o1 the mouth of the gauge becomes 
so clogged with frost work that little precipitation 
enters it. 

Some Special Mountain Observatories —The highest 
meteorological observatory in Europe is that on the 
Sonnblick mountain, in Austiia,. The general sut- 
1oundings can be well seen in Fig. 63, in which the 
observatory is placed at the highest point shown; 
and the characte: of the buildmg and the immediate 
exposuie is shown in Fig. 64. It is located at an 
elevation above sea-level of 3,103 metres, with the im- 
mediately accessible neighbowing inhabited valleys 
only half that elevation, and has adjacent base 
stations at Lienz (2,420m), Zell am See (2,340m), 
Kolm Saiguin (1,480m), Schmitten-hohe (1,150m), 
Obir (1,050m), the numbers in patenthesis signifying 
the vertical distance of the stations de/ow the level of 
Sonnblick. The relation of the stations at Sonnblick 
Peak and at Kolm-Saiguin are particulaily favourable 
for the dete:mination of the decrease of temperatuie 
with elevation, since the vettical distance between 
the two amounts to 1,480 mettes, and the hotizontal 
distance to only about 2,500 meties; and the lowe: 
station has a 1emaikably flee exposure, which prevents 
the stagnation of ait which so frequently introduces 
anomalous data into such determinations. Hann ic- 
marks that no such favourable dual exposuie can be 
duplicated in the Alps, and perhaps not elsewhere on 
the globe. 

The Sonnblick observatory and the Pike’s Peak 
observatoiy (Fig 65) in Colorado, US, which 1s the 
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highest observatory in the world, are the best situated 
of the mountain stations having a purely continental 
location. But neither of these stations lies in the 
path of greatest frequency of cyclones and anti- 
cyclones, There are two, however, which could 
hardly be better placed for the study of cyclonic 
phenomena and the comparison of the genefal con- 
ditions of the atmosphere at about sea-level and ata 
moderate elevation of perhaps a mile, viz., the Mount 
Washington, New Hampshire, U.S., and the Ben 
Nevis, Scotland, observatories. The former, as also 





Fic. 65, 


is the case with the Pike’s Peak observatory, being a 
second-class station with scarcely any self-registering 
apparatus, and no very near permanent base stations, 
has had its possible usefulness greatly lessened by 
the lack of completeness in its organisation. 

The Ben Nevis observatory (Fig. 66), with its com- 
panion base station at Fort William, only four miles 
distant, and located at sea-level, while one of the 
latest to be established, promises to offer a most 
fruitful field for investigation. Its oceanic exposure 
is on the side of approach of cyclonic disturbances, 
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which, by reason of the closeness of the mountain to 
the coast-line, reach it in their most perfect form ; 
because in their previous course they have been 
subject to the symmetrical oceanic conditions. How- 





ever, the fact that the more or less distant land 
stations cannot entirely encircle Ben Nevis places it 
at somewhat of a disadvantage compared with the 
truly continental stations, 
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Management of Mountain Observatories. — The 
observers at these mountain stations are deserving 
of the deepest gratitude of those interested in meteor- 
ology. Isolated fiom all companionship during a 
great portion of the year, and kept indoors most of 
the time by the severe weather, their lives can only 
be compared with that of a lighthouse-keeper in an 
arctic climate; and where a single observer must 
winter alone, on account of lack of means for furnish- 
ing additional observers, it must require a great 
amount of fortitude on his part to undertake the 
task, Fig. 67 shows an interior of the Ben Nevis 
observatory ; and its equipment and furnishings cer- 
tainly indicate that utility and not comfort have been 
considered. 

A few circumstances concerning: the management 
of some individual observatories may be detailed. On 
the Biocken a hotel waiter makes the obseivations 
in winter, and the post-master in summer; on the 
Wendelstein the watchman is the observer; on the 
Hoch Obir theie is a regular meteoiological observer, 
who receives thirty florins a month, and part of the 
time an assistant at twenty florins per month, and 
the whole expense of the station is but nine hundred 
florins per year; on the Sentis there is one observer 
in summer, receiving two thousand fiancs per year, 
and in winter he has an assistant; on the Puy de 
Déme there is a single observer with his family, who 
have three thousand francs per year income. On Ben 
Nevis there ate three obseivers, and in this respect it 
is bette: fitted for undertaking necessary work than 
any other of the mountain observatories ; and since 
in this case an observer can always be on duty, direct 
hourly observations can be made, and the results 
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properly tabulated and discussed by those who make 


them. 
It must be impossible for one not having actually 


experienced mountain weather to know the disagrec- 


Fic. 67. 





able features of the life of observers there, At most 
of the stations exposed instruments and everything 
else become frequently covered with frost-work 
which forms on the windward side when there is a 
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fog and the temperature is below freezing ; and since 
this sometimes accumulates at the rate of an inch 
an hour, its removal from instruments must keep an 
obseiver very busy. On the Wendelstein there is 
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little of this frost-work, but on the Brocken and Ben 
Nevis it is very frequent. “Fig. 68 shows the obser- 
vatory at the latter place when the frost-work is 
present. 
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Exposure of Instruments at Mountain Observatories. 
—An additional mention must be made of the diffi- 
culties in properly exposing instruments, and the 
means of overcoming them, 

On the Brocken, Assmann has successfully used a 
movable precipitation gauge, which he places on the 
lee side of the observatory. The exposed receiver of 
this gauge has a lamp, doubly encased, burning con- 
tinually beneath it, and thus keeping it warm and 
melting the snow at once, so that it runs downward 
into a cold, covered, collector, where the heat of the 
lamp does not cause it to evaporate again. When 
the exposed gauge is kept warm, frost-work does not 
form on it. It has also been suggested to make the 
anemometer cups double, so that a heated current of 
air passing through between the outer and inner sheet 
metal would keep it warm and melt ice or prevent 
frost-woik fiom forming, It would, however, seem 
simpler to use an aspiration anemometer, which could 
easily be kept heated. The thermometer shelters 
and other places of exposure for apparatus must be 
kept fiee from drifting snow and icy accumulations by 
the labours of the observer, and no substitute has been 
found for this work, The barometers must be attaghed 
to an isolated pier built up from the solid rock, other- 
wise they would be jarred by the high winds, and an 
accurate reading at such times would be impossible. 
The dynamic effect of high winds is also to be 
guarded against. 

Taking into account these and other difficulties 
which could be mentioned, it must be admitted that 
mountain meteorology is still a very inexact branch 
of science, 


CHAPTER III. 
THERMODYNAMICS OF THE ATMOSPHERE, 


§ 1.—Preliminary Ideas, 


HE temperature of the air near the ground, as 

measured by the thermometer, has been pretty 
thoroughly studied for a large portion of the carth’s 
surface ; and in this study the laws of direct radiation, 
conduction, and convection of the heat derived from 
the sun have long been considered. While meteoro- 
logists had to be contented for a long time with this 
foundation work, as we may term it, of a knowledge 
of the actual temperature of the atmosphere, yet 
the few temperature observations made in balloon 
ascents and on mountain peaks, showed that unknown 
laws were yet to be discovered which might be 
applied to the data which could be collected at the 
bottom of the ocean of air, in order to obtain an 
idea of what condition prevailed in elevated regions. 
The demand for a knowledge of these unknown laws 
was made imperative when the mechanics of the atmo- 
sphere began to be studied with mathematical rigour, 
Fortunately the study of the behaviour of gases 
utider varying circumstances of physical condition 
has received the continued attention of very eminent 
physicists, who have provided meteorologists with a 


means of devcloping many of the special laws which 
204 
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are operative in the great gaseous ocean which we 
call our atmosphere. 

While the static conditions of the air, which were 
at first studied on account of their simplicity, suf- 
ficiently explain certain classes of problems, yet the 
study of the atmospheric motions which are so 
ceaselessly transferring masses of air from one lati- 
tude and longitude to another, and from one altitude 
to another, has necessitated the inclusion of the more 
complex dynamic changes which must of necessity 
result from these ever-continued shiftings of bodies 
of air. 

The laws of the dynamical theory of heat, as 
developed by Clausius and others, are directly 
applicable to the changes in the physical condition 
of these displaced air masses, and it is my intention 
to devote the present chapter of this work to fol- 
lowing out some of the recent applications of these 
principles to atmospheric events. 

While it is necessary to take for granted the 
reader’s familiarity with the changes which occur in 
the condition of gases when they are subjected to 
various ptessures, volumes, and temperatures, as 
developed in elementary text-books of physics, yet 
space has been taken to render clear the most 
important ideas which are introduced in these pages. 
As an elementary and easily-read introduction to this 
subject there is no better work than Maxwell’s little 
book on Heat, 

Evaporation of Moisture-—In investigating the 
physical conditions of the atmosphere we have 
generally to deal, not with dry air simply, but with 
a mixture of dry air and vapour of water. This 
vapour gets into the air by the process of evapora~ 
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tion, and is distributed by subsequent diffusion and 
convective air currents. In any limited space the 
evaporation will go on until the vapour has acquired 
a certain density which is dependent on the tempera- 
ture. The amount of vapour which can exist for any 
given temperature is the same whether it alone fills 
the space, or whether the space has been previously 
supplied with dry air;.but in this latter case the 
time required for the vapour to permeate the whole 
space is greater than in the case of no air, for it must 
be diffused according to a kind of percolation. The 
density, pressure, and temperature are so connected 
that when we know any two the other can be 
ascertained, and for each temperature of the vapour 
there is a maximum pressure and maximum density 
which can exist without the vapour condensing and 
becoming water. When the vapour reaches this 
condition it is said to be saturated, and below this 
condition is called superheated vapour. 

If dry air is first allowed to fill a confined space it 
will exert a certain pressure, and if vapour is intro- 
duced the pressure will be increased by the same 
amount that the vapour would have exerted if acting 
alone, and each gas exerts a pressure just as if the 
space occupied by the other gas were a vacuum. 
This very important principle was discovered by 
Dalton, who also found that the maximum density 
of vapour, when suspended above a water surface, is 
the same, whether the air is present or not; but the 
more air there is present the slower will be the 
process of evaporation. 

It must be remembered -that the volume of a gas 
when under constant pressure expands by a uniform 
fraction of itself when the temperature is raised ; 
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and that air, when raised from the temperature of 
o° C. to 100° C., will change its volume from 1'000 to 
1'3665, if the pressure remains constant. Also, if the 
gases, air and vapour of water be taken in equal 
volumes at any given temperatufe and pressure, then 
for any other common temperature and pressure the 
volumes will also be equal. ; 

Indicator Diagrains—The atmosphere being a 
fluid, or rather a mixture of the two independent 
gaseous fluids, air and vapour of water, of variable 
volume, the study of its changes is so complex that 
the analytical method is ill adapted for an elementary 
explanation of these changes. A method of studying 
such changes for steam, in tracing the work done by 
a steam engine, was first invented by James Watt ; 
but great improvements in the general method were 
made by subsequent investigators, among whom was 
Clapeyron, who applied the use of the indicator 
diagram, as it was called, to the study of fluids in 
general; and, later, Rankine made great use of the 
same method in his study of the steam engine. We 
must try now to obtain a clear idea of the principles 
on which this method is based, on account of its 
recent introduction into the science of meteorology 
by von Bezold of Berlin ; for we shall neglect the 
older ways of procedure in studying what are known 
as the thermodynamic changes in the atmospheric air, 
in order to present more fully the now application of 
a method which has received the praise of such emi- 
nent physicists as Maxwell, Rankine, and others, and 
which consequently we may feel great confidence in 
using, 

In using this method to determine the properties 
of gases when acted upon by heat, the accompanying 
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diagram (Fig. 69) which has the same framework as 
the ordinary rectangular co-ordinates in geometry, 
serves as base of representation. In the plane OPV 
lay off the rectangular axes OP and OV. The 
volumes are represented by the distances along OV, 
and the pressures by distances along OP. So that 
the co-ordinates of the point N will represent these 
conditions. The condition of the gas for any point 
N, is then represented by the volume which has a 
magnitude OM, and a pressure of the magnitude MN 


P 





O M V 
Fic, 69. 

If now the temperature remains constant and the 
pressure is increased, then the point N will assume 
the position N’, which shows the consequent diminu- 
tion of volume as scen in Fig, 7o. If the pressure 
had been decreased, then N would have assumed 
the position N”, which would have shown an increase 
of volume. 

If the volume diminishes as the pressure increases, 
as it will in the case of constant temperature, the line 
traced out by the point N is called an isothermal line. 
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If we take any gas, like air, for instance, a series of 
isothermals can be drawn for successive temperatures 
which will express the relations of pressure, volume, 
and temperature for that gas; and if the pressure and 
volume are given, the temperature is casily determined 
by interpolating on the graphical table. 

Since by Boyle’s law the product of the volume and 
pressure is constant, when the temperature remains 
constant, the temperature curves traced out by the 
point N must be hyperbolas, of which OP and OV 





are the asymptotes. These temperature curves are 
called isothermal lines, or mercly isothermals, 

In the case of isothermal lines the temperature, as 
we have seen, is kept constant, and we will now con- 
sider the relatians of pressure, volume, and tempera- 
ture when no heat is communicated to or taken from 
the air.” The curved line which would now be drawn 
on the diagram has becn termed by Rankine the 
adiabatic line, and it is quite different from the iso- 
thermal line, although it has the same tendency and 
general direction of the..curvature, on account of the 

15 


210 MODERN METEOROLOGY. 


inverse changes of pressure and volume which govern 
the location of points along the lines in both cases, 
The differences of isothermal and adiabatic changes 
are shown roughly in the accompanying diagrams, 
Fig, 71, and Fig, 72. The two lines, if drawn on 
the same scale ona single diagram, would intersect at 
a certain point, since a greater pressure is required 
to diminish the volume in what may be termed the 
constrained adiabatic changes, and therefore the 
inclination of the adiabatic line to the horizontal or 
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volume line is always greater than that of the iso- 
thermal line. 

Vertical Circulation.—It has been customary in the 
application of the mechanical theory of heat to the 
theory of atmospheric motions and changes of con- 
dition, to consider the adiabatic changes merely ; 
that is, those in which there was neither gain nor loss 
of heat during the expansion or contraction of the air 
mass. 

It has been unfortunate that the limitation has 
been made, for it has probably retarded the progress 
which has been made in certain directions in explain- 
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ing observed phenomena, Take,. for instance, the 
Fohn wind, which has been so thoroughly studied in 
the Alps, but which is also known under othcr names 
in other regions. The most acceptable explanation 
has been based on dynamical principles, as explained 
in another place, yet there is a very evident lack of 
completencss when no mention is made of any actual 
change in the amount of heat, although the far 
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greater effects of expansion and compression so mask 
smaller thermal changes that the criticism of omis- 
sion is not as forcible as in cases where the whole 
change is less, In the investigation of convective 
equilibrium, and especially in the interchanging 
‘motions in and between cyclones and anti-cyclones, 
the question of the addition and abstraction of heat 
can no longer be neglected, although the already 
very difficult hydrodynagnical analysis will be ren- 
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dered still more complicated by its consideration. 
It is somewhat remarkable that the method of Ca:not, 
so well known in thermodynamics, and applied mote 
practically by Clapeyron,t should not have earlier 
attracted the attention of meteorologists, The work 
of von Bezold in this direction is the most im- 
portant, as he was the first to fully show its advan- 
tages. As long ago as 1884 Hertz developed 
a gtaphical process (to be explained later) for 
showing the condition of moist air subject to adia- 
batic change, and Sprung incorporated this in his 
Meteorologie (1885); which shows that this last 
mentioned meteorologist manifested considerable 
keenness in recognising so quickly that the sugges- 
tions made by Hertz were of unusual importance ; 
but several years elapsed before the real significance 
of the process was fully brought out and insisted on 
by von Bezold. Hertz used the graphical process, 
and dealt only with the limited problem of adiabatic 
changes of condition, and while the graphical method 
is well adapted to illustrate a process, and to obtain, 
easily, numerical results, it must be replaced by 
analytical forms in the consideiation of the problem 
as a continuation of the hydrodynamical analysis 
which has of late years been applied to atmospheric 
motions, It is this difficult process which von 
Bezold has attempted to carry out on the lines pur- 
sued by Clapeyron, which latter require, however, 
considerable extension in the new investigation, and 
without the narrowing limitation of adiabatic condi- 
tion as adopted by Hertz. I shall attempt to follow 
poitions of von Bezold’s work. 

The experimental researches of Espy in the early 

* Poggendoi fs Annalen, Bd. 59. 


TIIERMODVNAMICS OF TIIE ATMOSPIIERL. 213 


part of this century, and the later theoretical deductions 
of Sir W. Thomson, Peslin, Reye, Hann, Feirel, and 
others, showed to meteorologists the importance of 
the dynamic heating and cooling of vertically moving 
air masses as a consequence of the compression or 
expansion of the air. In the vety important memoirs 
of Guldberg and Mohn, these authors have, in their 
treatment of this question, considered that the heat 
lost in the ascent of air currents is converted into the 
energy necessary for causing and maintaining vertical 
currents. This whole matter cannot be understood, 
however, without considering the main cause of the 
vertical circulation as being found in the differences 
of specific gravity in the air at different places, by 
which, in the place where the air is denser, a down- 
ward motion results, while where the air is lighter an 
upward motion ensues. Thus the energy necessary 
to raise the air in the one case is obtained by the fall 
of the air in the other case; and this motion once 
entered upon would continue indefinitely without the 
addition of externally derived force, were it not for 
the effect of friction. This compensatory flow, as it 
may be teimed, is compared by Sprung (dZedeor- 
ologee), von Bezold, and others, to the flow of water 
in a closed system of tubes, and Ferrel has illus- 
trated it by the case of an open canal in which 
the two currents are separated by a neutral plane. 
In a water-heating apparatus we do not consider that 
the heat in the ascending water is lost in doing the 
work of raising the water, and that the cooling is the 
result of this work, Just so the changes in tempera- 
ture of ascending or descending air masses cannot be 
connected with the work necessary for producing this 
motion, but it is entirely due to the expansion or 
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compression of the air, and the same changes of tem- 
perature would take place if the same changes of 
pressure and volume took place in a horizontal 
cylinder or a vertical cylinder. It cannot be too 
strongly insisted upon, nor made too plain, that the 
cooling of the ascending current is not brought about 
by loss of heat in the work of raising the air; nor is 
the heating up of the descending air due to the gain - 
of energy by the fall. But the work of compression 
and expansion cannot be neglected, as has been done 
by some investigators. 

As the atmosphere is never made up of pure dry 
air, but is a mixtuie of air and water, it devolves on 
the theoretical meteorologists to follow the course of 
this mixture in its changes, and not be content with 
the more easily tieated hypothetical problem of dry 
air alone. 

It has been customary, as shown by the work of 
Hertz and others, to adopt a unit of mass of the 
mixture which shall remain constant during the 
entire process, but this is not even very approxi- 
mately correct, because, as a matter of fact, much of 
the moisture is lost by condensation and subsequent 
precipitation in the form of rain, hail, or snow. 
Now, while the moisture is a changeable quantity, we 
can consider the dry air as constant, and it is easier 
to treat the two quantities separately as having these 
characteristics than to treat the whole mixture as a 
variable one. 

Four different mixtures are to be considered, and 
as these exist in the conditions which obtain in 
layers of the air taken progressively they are aptly 
termed stadia. 

We have first the dry stadium, in which the air is 
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not satutated with moisture, and consequently in 
which there is no condensation and precipitation. 
The amount of the unsaturated or super-heated 
vapour in this stadium of the free air may be taken 
in general as constant; for there is no precipitation, 
and the further’ accumulation of any considerable 
amount of water vapour only happens at the earth’s 
surface, and the intermixturc of layers of different 
degrees of humidity are now unconsideied, 

The rain stadium is reached by the air of the dry 
stadium being cooled, or subject to adiabatic expan- 
sion. In this case the mass of the mixture is less 
than in the dry stadium, except in the extreme 
limiting case, where they would be equal. The 
amount of fluid water present is small, unless there 
is an ascending current of great strength which sup- 
ports the raindrops, and, in fact carries them along 
upward with the air. Such upward currents exist in 
the interior of tornadoes according to Fertel’s views. 
The vapour of water in the mixture is in the satu- 
rated state. 

In the hail stadium the mass of the mixture is less 
than that in the rain stadium, but they approach 
equality in the limiting case. The mixture is made 
up of the unit of dry air, the saturated vapour, the 
drops of water which are present, and the drops of 
ice or hail. This condition can prevail only when 
raindrops are present to be converted into ice, and 
when the temperature has fallen to 0° C. to make this 
conversion possible. 

The snow stadium is’ usually attained by the 
gradual cooling of the ascending air, which passes 
through the rain and hail stadium, but in which the 
rain and hail precipitation is so small that the latter 
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stadium at least, is practically jumped over, and so in 
this case there exists but the dry air, the saturated 
vapour and the snowflakes. The mass in this layer 
is still less than in the hail stadium. 

Von Bezold points out that there may exist here 
an application of the mechanical theory of heat 
which has not yet been considered, viz., the recon- 
version of a portion of the condensed water, or drops, 
back into the vapour condition, by the process of 
warming up or compression; and if this is carried 
out to a sufficient degrce, the mixture will again 
enter the dry stadium, but the amount of vapour will 
not be the same as the original amount. 


§ 2. Von Bezold’s Graphical Analysts. 


The analytical discussion which von Bezold has 
made of these conditions cannot be reproduced here 
on account of the mathematical forms which are 
necessarily used by him, but the importance of the 
investigation demands that some notice should be 
taken of such portions as can be easily put into an 
elementary form. The number of variables which 
have to be considered is sufficient to cause great 
complexity in the equations of condition; so that a 
graphical, but, it must be distinctly understood, 
schematic, representation is all that can be produced. 

The volume y, the pressure Z, the temperature z, and 
the water vapour +, are the quantities with which we. 
have principally to deal. The precipitation, whether 
occurring as rain or as hail or snow, is so small that 
its influence on the pressure and volume can be 
neglected. 

In the diagram, Fig. 73, let the oidinate OP 
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represent #, the pressure, and the abscissa OV 
represent v, the volume, A third co-ordinate Ox 
is imagined drawn from O towards the reader, that 
is, perpendicular to the plane OPV, and this or- 
dinate, or one of its parallels, represents +, the 
water vapour. By this choice of co-ordination the 
representation of all conditions having the self-same 
values of + may be confined to one plane which 
does not deviate much from the plane OPV (shown 
in the diagram), when we take an atmospheric 
pressure as the unit of pressure and lines of equal 


p 





O V 
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length along the axcs OV and OX as unit of volume 
(1 cubic metre) and mass, If we imagine successive 
(transparent) planes, representing the progressive 
conditions step by step, in, say, thousandths of the 
chosen unit, or from gramme to gramme, superim- 
posed like the leaves of a book, then we can follow 
out the changes of condition by means of the curve 
on the plane OPV, which is the projection on this 
plane of the actual curve connecting the points in the 
successive layers. This simplification renders pos- 
sible the schematic conception of a problem which 
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must otherwise remain unknown to the reader un- 
skilled in mathematical reasoning. 

Dry Stadium —Mathematical considerations show 
that the line representing the isothermal for moist 
unsatuated air and also for dry air, is an equilateral 
hyperbola, o1 a portion of one. 

The main condition for the existence of the dry 
stadium is that the existing pressure be less than 
the pressure necessary for the forming of condensed 
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vapour at the same temperature ; this last pressure 
is dependent on the temperature and increases with 
the latte:, but more rapidly than it. The characteristic 
cuives to be investigated are the isotherms, adiabatics 
and curves of constant amount of saturatiorr, 

In Fig. 74, the curve S,S; represents the 
“dew-point curve” or “curve of saturation”; and 
this curvé bounds the plane of dry stadium with 
any constant amount of vapour. Consequently when 
the curve of condition starting in the dry stadium 
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intersects the “curve of saturation,” the dry stadium is 
departed from and the stadium of condensation, the 
rain, or snow stadium, entered. So that for the dry 
stadium, the isothermals (for any constant amount of 
vapour) must terminate in the “curve of saturation.” 
Therefore the couse of this latter curve is determined 
by the hyperbolic isotherms and the origin of the 
abscissas. 

In the diagram Fig. 74 let Nx be the point on the 
“curve of saturation,” which is the starting-point of 
the isothermal line T, which is drawn for a definite 
temperature T and for a certain vapour quantity +. 
The “curve of saturation” SS; corresponds to this 
vapour quantity #; and for any other vapour quan- 
tities #2, and #, we should have the corresponding 
“curves of saturation” S,S, and S353; and for a 
constant T the starting-points of the abscissas of the 
isotherms corresponding to the same temperature, but 
different vapour quantities, are proportional to these 
vapour quantities. The dew-point curves S,, Sz, as 
drawn in the Fig, 74, show about how these curves 
run for vapour quantities of two and three times the 
amount for which the curve S,; was drawn. 

The isotherms, corresponding to the different 
amounts of vapour which really exist, would run so 
close together that they can roughly be taken as 
lying within the single line T, which is shown in the 
diagram ; only it must be remembered that cach has 
a starting-point on the hyperbolic curve, and the 
position of this starting-point depends on the amount 
of vapour of water in the atmosphere. By further 
expansion of the air, the curves of saturation 5S, and 
S, will replace Sy. 

In the dry stadium, which lies to the rieht of the 
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curve of saturation in the diagram, the characteristic 
curves will nearly obey the same laws as for a perfect 
gas. We should have consequently, adiabatically, 
the products of the volumes and pressures a con- 
stant quantity, for any probable quantities of water 
vapour which might be present. Applying the pro- 
per numerical constant we should have (pv) tt = 
(pz Vz) 41, as expressing this more exactly. 

Von Bezold now uses the so-called line of constant 
entropy as synonymous with the adiabatic curve ; and 
he is thus able to show that by the decrease of entropy 
by isothermal expansion from one volume to another, 
if (see the diagram) we proceed along the isotherms 
which cut an adiabatic S; (line of constant entropy) 
a second adiabatic S, will be reached ; the relations of 
expansion remaining constant. 

As soon as we know the course ofan adiabatic, it is 
easy, by a process similar to that for dew-point curves, 
to construct such additional adiabatics that each shall 
have a constant difference of entropy with the next 
adjoining. 

Rain Stadium —In the rain stadium the changes 
which occur are seldom reversible, that is, capable of 
retaining the mixture to the original condition, on 
account of the abstraction of water by rainfall. The 
linc which indicates the changes of condition will 
seldom stretch out into the concave side of the dew- 
point curve, and it is only possible to go back to the 
old condition in case the condition of super-saturation 
exists and the line is above the curve of saturation, 
This is more fully explained later. 

In the rain stadium the isotherm is an equilateral 
hyperbola as in the dry stadium, since the vapour 
pressure remains at a constant value, and the one as- 
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symptote coincides with the axis of g (the pressures) 
as in the dry stadium, while the other is slightly in- 
clined to the axis of vin the direction of 2 There 
is, however, very little difference between the isother- 
mal curves for any given temperature in the dry and 
wet stadia, and the one joins on to the other in passing 
from one stadium to the other with only a slight 
notching of the curve, with point of the notch turned 
towards the right and above. This is noticcable in 
the curves showing the changes of condition in the 
air in the vertical air currents mentioned later, and 
it is due to the fact that the isotherm for the rain 
stadium contains the starting-point of all the iso- 
therms in the dry stadium which corresponds to a 
certain amount of moisture, which is, however, less 
than the original amount of moisture which we 
started with in the dry stadium. 

In investigating the adiabatic curve we must know 
the amount of heat which is added during any change 
both to the dry air and the water with which the air 
is mixed. The former is easily computed, but the 
latter is a variable quantity depending on the amount 
of water which exists in the form of vapour, and the 
amount of water which is lost in the form of rain ; and 
we find here two extreme limits, which have to serve 
as guides in the absence of any accurate knowledge 
as to the relative or absolute amounts of water lost 
out or retained. All of the waterdrops may fall out 
as rain, or all of them may be carried along by the 
motions of the air, so that no water is lost. While it 
is probable that in nature neither of these limiting 
cases occurs, or at least with any frequency, yet we 
must examine them to see the extreme conditions 
which are possible. Graphically represented, these 
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two conditions would mean that the same plane is 
passed along; that is, there is a constant quantity of 
water, or else the path is along the dew-point curve 
in which all the water immediately falls away and the 
condition of saturation is just maintained. Von Bezold 
thinks the latter condition is the nearest that which 
we find in nature, although the former is that which 
is usually assumed as a basis for investigation. Still, 
in the piactical case of toinado action, where there is 
a strong upward cuirent assumed, this case probably 
does occur. These two cases von Bezold also dis- 
tinguishes as having in the one case a maximum 
super-saturation (Ubersaitagung), and in the other 
case a normal saturation. It will be seen that the 
amount of heat added (algebraically considered) would 
have to be zero, in order to have an adiabatic con- 
dition of change; and this could occur only in the 
case of the maximal excess of saturation, if the term 
adiabatic is strictly limited in meaning. 

If the adiabatic condition is supposed to depend 
simply on the assumption that, in the change, heat 
is neither added nor taken away, then the two cases 
just cited are certainly adiabatic. However, if we 
define the adiabatic condition as one in which not 
only all external work is effected at the cost of 
enetgy, but also the whole of the lost eneigy is used 
in the external work; then the definition does not 
apply to: the second limit mentioned, as well as to 
the intermediate changes in condition when any of 
the condensed water drops are present, but in which 
some have fallen out, and even when the condition 
of no gain or loss of heat is fulfilled. When the 
waterdrops fall out, we have a diminution of energy 
by the amount necessary for the extergal work, and 
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also by the amount corresponding to the definite 
tempeiatute of the water which falls out, 

Von Bezold carefully specialises those cases in which 
the water all falls out by calling the change psendo- 
adiabate (pseudo-adiabatic) ; while the general cases 
in which the water entirely or partly falls out, he calls 
simply pseudoadiabatische (pseudo-adiabatical). 

The analytical statements of the conditions con- 
trolling adiabatic and pseudo-adiabatic curves, and 
which are called the equations of these curves, can 
not be reproduced here, but they show that the pseudo- 
adiabatic curve sinks more rapidly than the adia- 
batic, or, in other words, the temperature falls more 
rapidly when all of the condensed water falls out at 
once than when some of the raindrops aie retained 
and carried along. Compating these two curves with 
the dew-point curve, or curve of saturation, it is found 
that they sink more rapidly than the latter, as is 
evident from the fact that heat must be added to 
make the expansion take place along the dew-point 
curve ; and in the graphical 1epreséntation adopted 
here, curves showing changes of condition when heat 
is added are always inclined less steeply towards the 
abscissa axis than when the change of condition is 
adiabatic. In the expansion, the adiabatics depart 
from the dew-point’ curve, towards the abscissa axis, 
and the quantity of ‘moisture decreases. 

The course of the atliabatic curve cannot as yet 
be explicitly determined so as to give directly the 
relation between the volume and temperature, on the 
temperature and pressure, or hetween the pressuic 
and the yolume ;-and so an indirect method .must be 
pursued in which use is made of the decrease of 
entropy in the passage figm-the initial condition .to 
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the final condition. It is possible to compute the 
values of the entropy for a number of selected values 
of volume and pressure, as these are independent of 
the individual constants of the whole system ; and by 
interpolation, the entropy for a sufficient number of 
the intermediate values of the volume and pressure 
may be obtained to allow the construction of the 
lines of equal entropy, which are the adiabatics, Von 
Bezold finds it possible, and very convenient, to 
select for computation those points which lie con- 
secutively on isotherms, so that in passing from one 
point to another it will be along the same isotherm, 
and the entropy will be constant if this condition is 
maintained, A consideration of these relations shows 
that the isentropic curves cut the isotherms at a 
sharper angle in the rain stadium than in the dry 
stadium; and any definite change of entropy is the 
result of a greater change of volume in the case of 
the dry stadium than would be necessary in the rain 
stadium, 

Limiting our view to a small portion of the plane 
of co-ordinates, the isotherms will appear as parallel 
straight lines running almost the same course in the 
two stadia, the dry and the rain stadia; and to 
represent any chosen change of entropy, it would 
be necessary to pass along the isotherms a longer-~ 
distance in the dry stadium than in the rain stadium, 
The dew-point curve sinks in further towards the 
positive side of the abscissa axis than the isotherms, 
and the adiabatics show a bend at the dew-point 
curve, as shown in Fig. 75, where S S represents 
a portion of the dew-point curve; TT, T’T’ aie 
isotherms, and AA, A'A! are adiabatics, 

The “ pseudo-adiabatic ” curve is still more difficult 
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to investigate, and still less only approximately 
correct solutions can be obtained even for the cases 
within the limits of actual use, which are fortunately 
more determinate than the general solution. But 
even the derivations for special cases are too com- 
plex to be explained here. It may be mentioned, 
however, that a consideration of the equation shows 
that the pseudo-adiabatic curve sinks more rapidly 
than the adiabatic. That is, the successive volumes 
for corresponding temperatures must be less for the 
pseudo-adiabatic changes than if the adiabatic had’ 
been followed. 

Hail Stadinm—When the temperature descends 
below 273°C. on the ab- 4 
solute scale,orthe freezing 
point of water, the con- — g 
ditions which have been 7 val 
outlined for the rain sta- 
dium must be modified. A # 
When the temperature is Hid 78 
just at the freezing point, 
water and hail may exist side by side, and the change 
would be’ by isothermal expansion as long as this 
condition is maintained; the adiabatic in this case 
coinciding with the isothermal line, Von Bezold 
“holds that the adiabatic will in reality be a pseudo- 
adiabatic, since the hail falls out under any cir- 
cumstances (although Ferrel’s theory of the vertical 
circulation in a tornado shows that the upward 
current may be so strong as not only to support the 
hail stones, but to actually carry them upwards), and 
in this condition, any increase of vapour requires 
addition of heat, and the formation of more hail 
means a loss of heat. 
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In the case of continued expansion, but without 
gain or loss of heat, through the hail stadium, there 
will be a continued increase in the amount of hail 
formed ; but in this freezing process there is a simulta- 
neous evaporation, so that at the upper limit of the 
hail stadium there is actually a greater amount of 
vapour present than at the entrance to this stadium. 

The whole process and change in this stadium may 
be followed thus.—The determinite plane above the 
OPV plane, which corresponds to the amount of 
wateidrops g/us the amount of satuiated vapour, will 
be that one showing the condition of entrance into 
the hail stadium; and it is somewhere above the 
dew-point surface. The line which indicates the 
distance from the assumed plane OVP will cut the 
dew-point surface at the plane (above the OPV 
plane) which corresponds to the amount of vapour 
just necessary for complete saturation. If now the 
mixture expands isothe:rmally, the just-mentioned 
point of intersection with the dew-point curve will 
gradually be raised, and the projection of its path 
on the OPV plane will be an equilateral hyperbola. 
It is plainly evident that while the point of inter- 
section with the dew-point surface is thus slowly 
rising, the plane of the initial condition (depending 
on the waterdrops and saturated vapour) is being 
receded from as the frozen water drops out, and 
finally the two will come together at the plane where 
the hail stadium ceases. 

The question naturally arises as to the relative or 
absolute amount of hail which is or may be formed. 
At the entrance of the hail stadium, the mixture con- 
tained water in the form of raindrops and saturated 
vapour, and all of this water is turned into hail: sa 
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that the amount of hail will depend on the amount 
of water on entering the hail stadium, and the amount 
of change in the volume of the mixtue by expansion. 
The hail stadium cannot be entered until theie is at 
least an appreciable amount of water present in the 
form of diops; and the more of these there are, the 
greater will be the hail fall. 

Snow Stadium.—When the air is saturated with 
water vapour and becomes cooled below freezing with- 
out the formation of raindrops, then the condition 
of the snow stadium exists, In this stadium the 
main conditions are somewhat similar to those of 
the 1ain stadium, but here the heat of melting takes 
the place of the heat of condensation. The amount 
of vapour which may be present depends on the 
temperature. The lower the temperature the less 
the vapour, and so, in this stadium, the less will be 
the amount of snow; and the lower the temperature 
becomes, the more nearly will the adiabatic cuive in 
this stadium coincide with that of the dry stadium.’ 
We thus see why it is that in very cold weather the 
snow fall is comparatively light. 


§ 3.-—-Application to Kohn Winds and Cyclonic Circulation, 


In the widely-distributed and strongly-marked winds 
known as the Fohn, the moist air expands in passing 
upwards along the side of a mountain, and becomes 
compressed again in the descent on the opposite side, 
where it is much drier. It is interesting to follow 
von Bezold’s application of the preceding ideas to 
this process. In Fig 76 let a represent the original 
condition and Sa@ the coriesponding dew-point curve, 
then the air expands according to the adiabatic of 
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the dry stadium until it cuts the curve S@ at the 
point 6; and the curve ad lies in one of the imagined 
planes parallel to the OPV plane at a distance of xa. 

The temperature curve corresponds to the initial 
temperature shown by the line Ta, and we see that 
in the change from @ to J the temperature falls 
rapidly. As soon as the condition 4 is reached, the 
representative point glides down the dew-point 
surface ; the, adiabatic of the dry stadium goes over 
into the rain stadium dc, and forms with the curve 
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of saturation, a low angle. The temperature now 
sinks by a uniformly continued expansion much 
slower than before (as shown by the curve), and 
water is condensed as the line dc cuts the dew-point 
lines of lower amounts of vapour, The condensed 
water falls as rain, and if the process is continued 
far enough, later as snow; so that the line dc becomes, 
in fact, only pseudo-adiabatic, or rather it is the 
projection of a pseudo-adiabatic line, The hail 
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stadium is wholly passed over; or even in an 
extreme case would be scarcely perceptible, 

We will suppose the expansion to cease at ¢, and 
that compression or a sinking takes place. In this 
reverse process, if no water has been abstracted by 
precipitation, the path will be a retracing of the same 
track which has been already followed, viz. from ¢ to 
é, and then from 4 to a: and the greater the amount 
of water retained the more nearly will this path be 
followed. So that when the air does not leave the 
dry stadium there is no noticeable change in the 
air when it reaches its starting-point. If, however, 
water is lost by precipitation, then in the process of 
compression the fall will be that shown by the pro- 
jected line cd@, In this casc, as is shown in the 
diagram by the intersection of cd with Ta, the 
original temperature of the air is reached at a pres- 
sure lower than the original pressure, and in the 
farther descent which is necessary before the air 
reaches the original pressure the temperature is of 
course raised above the original temperature, So 
that now the amount of vapour is less, and the 
temperature greater than in the original condition, 
and we thus have the characteristics of the Fohn; 
which are, moist cool air on the preceding side of the 
mountain, and dry warm air on the following side, 
And, as may be seen from a consideration of the 
diagram, this peculiarity is the more strongly marked, 
the nearer the starting-point @ lies to the curve ot 
saturation, and the longer the path de within the 
rain stadium 

Cyclones—Thermodynamics—A further more im. 
portant application is to the great vertical currents of 
air in the cyclonic and anti-cyclonic areas, 
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According to the usually accepted theory we have 
in cyclones an ascending current and in anti-cyclones 
a descending current; the current from the anti-cyclone 
acting as a feeder tothecyclone. In this interchange 
of air-masses between the two, the air is subject tc 
very much such changes as it experiences in rising on 
one side of the mountain and falling on the other side, 
as in the case of the Fohn Wind. In the cyclonic 
systems, however, the distances and the times are sc 
great that an adiabatic candition (that is, without addi. 
tion or abstraction of heat), cannot be assumed. Since 
the ascending cuient in the cyclone may be hundreds 
of miles from the descending current of the anti- 
cyclone, due allowance must be made for the changes 
in heat just mentioned, according to the conditions 
which are liable to exist. In the summer the addi- 
tion of heat would be the preponderating condition, 
and in winter the abstraction of heat; the daytime 
and the night-time would also have this same relative 
connection. 

The conditions of the interchanging circulation 
between the cyclones and anti-cyclones in summer 
is shown by the following diagram (Fig. 77). The 
air starts from the condition a@ (of the cyclone) and by 
expansion, but at the same time receiving heat, passes 
along ad, which is within the adiabatic curve as the 
decrease in temperature would be slower on account 
of the added heat. When the rain stadium is reached 
at the point of cloud condensation, the path would be 
be close to the curve of saturation; but at greater 
elevation, where we find a much stronger addition of 
heat at the time of insolation at high elevations where 
the condensation is less and the density of the clouds 
decreases, the path will be qs shown by cd, and the 
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condition will be within the dry stadium again, and 
will be approximately adiabatic when the water has 
been transformed into water vapour by the evapora- 
tion which must ensue, and has consequently lost the 
greater part of its capability for absorption. At @ the 
mixture enters the second condensation stadium, that 
of the cirrus clouds. And in this stadium the curve 
must be truly adiabatic in most cases, as the ice 
needles do not fall in the form of precipitation, but 
remain in suspension, The curve of ascent de must 
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very closely approximate the curve of descent; but 
below this the latter, ef departs more from the 
former as shown in the diagram. 

The curve of descent ¢f is here represented by von 
Bezold as adiabatic, although this is not strictly true, 
especially in the lower layer of the atmosphere, in con- * 
sequence of the warming up of these layers by reason 
of their nearness to the heated surface of the earth; 
but, as he points out, this departure from the adiabatic 
would imply the restoration of the condition of stable 
equilibrium, 
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The changes along ef take place in the downward 
current of the anti-cyclone, and the final pressure of 
the air mass on reaching the ground is greater than 
the pressure it originally had at the base of the 
cyclone, and consequently / lies farther above the 
abscissa axis than a. Thus we see that / may lie not 
only above, but to the right of a, so that the volume 
at # is greater than the volume at a, and conse- 
quently the air can be specifically lighter in the 
anti-cyclone than in the cyclone, notwithstanding the 
relatively higher pressure of the former. This is 
possible because of the compensating influence of the 
difference in temperature. 

We thus see quite clearly that in the passage of air 
from the cyclone to the anti-cyclone, it is not entirely 
a question of the specific gravity of the air masses, 
but the dynamic relations play a very important part 
as has been insisted on by Hann? in his discussion of 
the observations made at the Alpine Sonnblick Obser- 
vatory. Von Bezold considers that the region above 
the rain clouds, and especially that at their upper 
limit, should receive the most careful consideration 
at the hands of investigators, as the conditions exist- 
ing there have not been properly taken into account. 

The air, then, as it approaches the earth in the anti- 
cyclone is warm and dry until it reaches the lower 
layer, where it rapidly receives moisture from the 
evaporation from the earth’s surface which is exposed 
to the unhindered radiation from the sun. 

The air may now pass through the conditions fa 
and again become the feeding current of an atmospheric 
depression—under the same assumed conditions as 
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the first cyclone—havingin its lower course (fa) added 
to its store of moisture. 

In winter (and similarly the analogcus night period) 
the changes of condition are different from that just 
outlined. Since the temperatures are not so high as 
those reached in summer, and therefore the isotherms 
lying at a considerable distance from the axis are not 
reached, at least the beginning and final changes of 
conditions occur closer to the co-ordinate axes (sce 
Fig. 78). At the starting-point @ in the cyclone, 
the condition is that of lower pressure and higher 
temperature, while in the 
final condition at @ in 
the anti-cyclone, there 
is higher pressure and 
lower temperature ; so 
that in the diagram, @ 
must be above and to 
the left of a Since we 
have assumed that the 
distance of the point Fic. 78, 
representing the con- 
dition, from the axis of the plane of projection as 
shown in the diagram, depends on the amount of 
absolute moisture, then the curves which represent 
the changes of condition will not reach such a dis- 
tance from the axes, since the amount of moisture 
remains less in the winter than in the summer, 

In the early part of the ascent in the cyclone the 
coridition is nearly adiabatic, that is, d nearly coincides 
with 4' (where ad’ is the adiabatic course) for the 
path up to the upper limit of the cloud layers, as 
below this the radiation and irradiation is of secondary 
importance; but if there is a deviation from the 
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adiabatic, it must be in the opposite direction to that 
of the summer, and the lines will fall more than in the 
latter season. In the accompanying diagram (Fig. 
78) this deviation is assumed, and it is supposed that 
the transformation takes place directly from the dry 
stadium to the snow stadium. From this point onward 
the curve of condition sinks more gradually, but with 
continually increasing inclination, on account of the 
greater cooling at great altitudes, up to the turning- 
point ¢, where expansion ceases and compression 
commences, The return path is marked by the line 
c@. So far as we are capable of judging, the curve 
of descent is adiabatic at high altitudes, and the 
adiabatic compression proceeds as for the dry 
stadium ; but in the lower atmosphere, where the 
outward radiation is strong, the consequent cooling 
causes a departure from the adiabatic, inward towards 
the ordinate axis, as is shown by the lower part of 
the curve ca. We thus have the schematic graphical 
presentation of the inversion of temperature which 
occurs, especially in anti-cyclones, on clear winter 
days. In the last part of the descent, the path cd 
approaches and even intersects the dew-point curve 
near @, and in the latter case the condensation 
assumes the form of ground fog. But with the 
beginning of fog-formation the radiation increases, 
and so the temperature decrease becomes the more 
marked with the approach of the descending air- 
current to the ground. Whether the path cd can 
be throughout an adiabatic, requires further investiga- 
tion. If it is so, then there must be a place at some 
elevation in the anti-cyclone where the same pressure 
and temperature exists as"at a lower elevation over 
the cyclone; because in this case the projection of 


THERMODYNAMICS OF TIIE ATMOSPHERE, 23! 


the curve of condition, ze, the curve drawn in the 
plane of the diagram, must intersect itself, 


8 4.—The Herts Graphical Solution of the Adiabatte Process. 


Although the mass of the mixture of air and vapout 
decreases steadily with change from one stadium tc 
the next, as has been shown by von Bezold, and 
although Hertz has not considered the pseudo-adi- 
abatic changes, yet the graphical table of the latter 
writer can be used for approximate solutions in so 
‘many cases and with such ease, that it is given here 
for the benefit of any who may make use of it, but 
to whom the original is inaccessible. This will prove 
of assistance even in the solution of non-adiabatic 
changes, for any practical investigation of these will 
probably require the auxiliary use of the adiabatic 
changes, The original paper by Hertz bears the title, 
Graphische Methode zur Bestimmung der adiabatischen 
Zustandinderungen feuchter Luft, and was published 
in the Meteorologische Zeitschrift, Nov—Dec., 1884, 
While reference has been made to it by various writers 
on meteorology, it is believed that the very important 
diagram accompanying that paper has not heretofore 
been reproduced elsewhere. 

The cross-sectional groundwork of the diagram just 
mentioned, Fig. 79, is so arranged that the horizontal 
argument (abscissas) represents the atmospheric pres- 
sures (in millimetres) to which the air mixture may 
be subjected ; and the vertical argument or ordi- 
nates represent temperatures between —20° C. and 
+20° C. But the relations are not so simple as 
may seem evident, for the construction is such that 
a chosen increase in the length of the co-ordinate 
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corresponds to the similar increase in the logarithm 
of the pressure or absolute temperature ; the numbers 
themselves not being used ; as, in case they were, 
curved lines, and not straight or approximately 
straight lines, would have to be used, which is in- 
convenient in any graphical work, The dotted lines 
passing from right to left across the page indicate 
the number of grammes of water present in each 
kilogramme of atmospheric air under the various 
conditions ; each fifth line is made heavier than the 
others, and marked on the left with its appropriate 
number (of grammes) 5, I0, 15, 20, 25. 

The courses of the adiabatics in the dry stadium 
are shown by the line marked a (see at the top 
on the right), and the lines paiallel to it; the courses 
in the rain stadium are shown by the line marked 
8 (at the right near the top), and the lines parallel 
to it, but it is to be noticed that they stop at the line 
of o° C. temperature, or the fieczing point; im the 
hail stadium the courses coincide with the isotherm 
of of; in the snow stadium the courses are showrt 
by y (on the left near the bottom), and the lines 
parallel to it, and it is seen that they nearly, but not 
quite, coincide with the lines 8 of the rain stadium, 
but they stop at the line of o° C, for at a higher 
temperature than this the snow would be converted 
into rain. " 

The use of the graphical table is best illustrated 
by an example, and the one given by Hertz for this 
purpose is as follows :—At the sea-level a mass of air 
has barometric pressnre of 750 mm, a temperature of 
27° C., and a relative humidity of 50 per cent.; this 
mass of air is transported upwards under -adiabatic 
conditions (d¢., without addition or subtraction of 


ok @ ° S =) Sooo 2 8 8 
NA \ RE RERDER EEE ee NN e SESE Pt tt 
[SAASUASCAS RECESS RCE NNG SERA RSENS SASS CRON BR 
KAN N pho ed 
PAA RY ABSA AES ACSA ESAT BSN HG RRSOSESSEISERSSS KO ACUNNG OB CAANAAK EOE 
RICAN CUR SEC RSIS AINICNIITIISISRIORST SCEPC SEIS TSE L AAANN 
KOINCAASIACAARRAAAT SATAACANAG EAINGTAY SUNS ISIE RESETS PRS ST I IANA 
&) PATA SA ARK A BNA ANN ON INOCR DA Sb SEPANG ANUS SU A Ss CE PAAAAWN | 
AAAS ARACEAE AARAT ARS NN NORUNINEATENNT AARON nS as MANANN | — 
VEVRVASUN CSS SN LINN RaNmeat RERNCRCKNCREISEISENESRSESE RANAANY 
oh AN WAIN ISU SRE ETRY NOAA ASND RGA SORIA STS SS SENS R SSN NSA - = 
PRINEAR AL CAUSES DS, SANNA WONT OSES NESTS ROSES ONS NEN NS [NAN NAT 
RA ARAL AAAS RS SISA TAS AES TASTES TNS ROR KCTS AS SESESCNC PINAY] 
PAA A OAR, ASAE TVA TEN ARAVA NIA SES SENTCISANTNR RTA RST P ASANNAY IC —8 


ATMOSPH ERIC — RE. 


pa: 


| SG LENNIE 





TEMPERATURE. 




















a 
Y AANA WV RA ASA BA NAG KSAT OR ORIN TORT ANNONA Y NAS 
| ARISE RIS SESE SISSSES SEEESRSCRSS ENNSN 
N N 
rf fap AKA WW WAS A ESCREN SERS eu SASS Ne NY INAW AW) EEAAAA AES 
N NS 





N 


oe 











AY LATA ARIAL AR NEN ACA SORE ANY Ns KER RR | AAAS |= 
FARES SESS ESSE ERS SEN : 
PCLCCTRANRANAAINSE ISS SSOISICRISCISERSSCISSS NSIS SERN PINAY 
CCOCCANCARATUINSSSCISNISACIN ISS SOISPRSS NGI SY N ENAKNAIL- 
PECTTTNNIIRAINTOR SS ULARSRALALSSERISCIS IBN CASRN 
i) LET TT PPA AA AN AAAAR NA SSARICE SECSNURER SESS SERS SSE RIS HRS - 
HESEET ARS NANEATCCANCN RCAC ERSSTAESUEIGRURSRCASST CASRN 
PETELPREANASSSARRRISSSSSRASCRS KORN RRGERAENCRE RRS N CNSSAI= 
CCCCCTT RENARD IN SY CHCRNCENARSISSISCSSRSY ERNE Zk 
RARER ARRMAAUAN SAS ROG SANSRESNE ING SSEARASSEN SS ESSN IF 
APRS SARS RULE ROUTEORCE CANE NSRNCE SCM SEO SRNUUNEKERNE al NNNA|= 
PCCP CECE SUBIC, NINUS ENTERS SERNSARESS RANE 

FETT TTT TT AANA RAR AANSUMING SESE St TIRES S NONis 
CEECCETTUTEENARERAAME AEE SARK EERSTE HISAATIA 
See aeeeRe SARANGI ASRS CERES BARN a: 
oP Teicea tel eel! aI AANA TS INST ISELSSINSININS, FINS IEF 
Toe aa HHH 14 ANSARI RCNA ASS HENAN IE z 
aS pee ed Pe AREUNAUN RUN ANA CAEUNAUSES SRR SHONES LLAINN 
aa CCOPTETEECTT BN ARANNASES ALIS SERRCRCSSS LINN 
a: PPERECCCECLLTPPARSRASESAESEERISEAE ARERR FERRE ; 
SUT PPE RADT TT RAMEARANA AINCKACAISERINSSSON ERNIE 
[HEAAUAHERLSRER RGSS SNNUNNACNGAINUNAERSRUSEUR SSCS) ENN |= 
Reeeeea HOTT UNAARRRRR ANNEAL NG LENSE 
aE al USARBEAARANNASNNAANGC UVR US ARERR LEN A= 
LETT EET TTT AMAA AACTURNUAAENSSSURNGSING LENNIE 
PUTT ETT TAN NAAN AAA PEEN, LENS IEP 
HAOALEEBASAHEAERERHDESSSSAAGNANERUS EANGNNOCS) LL Nic 
rECEECECEEECECCECEE LE HSN RNORARTINSARERDASS UNNE 





Ls 





Ha LLET TT TTT LTT ANSAGE RNS AINA TN NE 
TEL HAEAUHAVREARES:ANNSAGNG) MNQNESQC EEDA : 


AUNLVHAdIWAL 4 





SCALE OF ELEVATIONS 


\MPERIAP ; 
x 3 
“JB RARY: 


TILERMODYNAMICS OF TILE ATMOSVIERL. 237 


heat), and it is desired to know the changes which it 
undergoes, and where it enters the successive stadia 
which have been discussed. 

" The initial or starting condition of the air mass is 
shown on the graphical table near the upper right- 
hand corner at the point where the vertical isobar of 
750mm, intersects the horizontal isotherm 27°C, This 
point is almost exactly on the dotted line (these give 
the water content at saturation in grammes) 22, as 
read by the argument on the left hand of the table, 
so that, if the air mass were ¢horoughily saturated and 
consequently had a relative humidity of 100 per cent, 
at the starting-point, it would contain 22 grammes of 
wate: per kilogramme of air; but it has only 50 per 
cent. of saturation, and consequently contains only 
half of 22 grammes, or Ir grammes of water per kilo- 
gramme. Following the isobar 750 downwards to the 
bottom of the table, we find that it is about 100 metres 
above the zero of the scale of elevations given in 
metres, as this ze1o of sea-level has been assumed at 
760 mm. air-pressure, so that the initial pressure is 
that at 100 metres elevation on the adoptcd scale, 
and thes amount must be subtracted from all altttudes 
obtained by using the table in solving the present 
problem. 

Now let the air mass be gradually elevated, and its 
condition will be represented by the broken line 
drawn parallel to the lines a from the point at 750 
mm, and 27° C, on the diagram. If now we wish to 
find the condition of the air mass at an elevation of 
yoo metres above the starting-point, the altitude line 
at the bottom of the diagram is sclected at 700+ 10d 
==800 metres, and this is followed upwards to the 
intersection with the broken line which is found to 
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be at 687 mm. barometric pressure and 19%3 C. (of 
course this broken line is drawn merely to represent 
the present problem, and a straight-edged 1uler would 
in other cases be used in place of drawing a line). 
No condensation would take place until the broken 
line 11 of the water-content series is reached, and 
at this point, which has a barometric pressure of 
640 mm, and a temperature of 13°°3, the condensation 
stadium would be entered upon. And now the 
direction of the broken line changes, and it will run 
parallel to the lines (@), which belong to the conden- 
sation stadium. But, before following this, it must 
be noticed that, if the line of 730 mm. pressure is _ 
followed downwards to the intersection with the line 
11 of the water content, the temperature correspond- 
ing to this point will be 15°8 C., and this, then, is the 
original dew-point temperature, but it is a somewhat 
higher temperature than the 13°3 C. found as the” 
actual dew point. This difference is due to the fact 
that the air has increased in volume as ‘well as 
decreased in temperature in the ascent. The pressure 
640 mm. is at an altitude of about 1270 metres, as 
found by means of the corresponding altitude scale 
at the bottom of the page, and at this altitude the 
cloud-forming commences. Following the broken 
line showing the changes in condition in the 
direction of the (@) lines in the condensation stadium, 
it is noticed that its inclination towards the axis 
of abscissas is less steep than in the former course, 
and consequently the temperature changes more 
slowly with the elevation, this being due to the 
freeing of the latent heat of the water vapour, and 
‘at an altitude of 1000 metres, wzthzn the condensation 
stadium, the temperature is still 8°2 C., which is only 
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bos 1 C, decrease per 100 metres of elevation. At this 
elevation, tao, the water-content line is 8'9, so that 2° 
grammes of water must have fallen out’ of each kilo- 
pramme of air, unless this water has been supported 
by an upward vertical current of air, Following the 
broken line to the intersection of the 0° C, line, or 
line of freezing, it is seen that this point lics at 
an altitude of 3750 metres, which corresponds to 
the pressure of 472 mm. For dry air, however, this 
temperature would have been reached at an altitude 
of 2600 metres, as is seen by continuing the broken 
line marking the path of change in the dry stadium 
down to the o° C. line. At the 0° C, line, however, it 
“is seen that about 4'9 grammes of water have become 
condensed. At the o° C. line the water begins to 
freeze, and the temperature does not fall farther until 
all of the condensed water present is frozen, so that 
now for some distance the path is along the isotherm 
of o° C. This distance is determined by aid of the 
small auxiliary table at the bottom of the diagram. 
We follow the isobar 472 mm, downwards to the 
dotted line drawn on the auxiliary table, and through 
this intersection draw a broken line parallel to the 
course in the condensation stadium. This line ter- 
minates opposite the 11 gramme point of the argument 
shown on the right of the page, and this termination 
is at the pressure of 463 mm. This last-found 
number indicates the pressure (along the 0° C, line of 
the main table) at which the water-freczing process 
ends, and in this case it extended through a layer of 


about 150 metres thickness, The decrease in tempe-- 


rature now continues from the clevation where the 


va 


pressure is 463 mm, onward, The water now freezes | 


as it is condensed, and as the amount of vapour 
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becomes less, the temperature falls more rapidly as 
the elevation increases, 

The course of the broken line is now parallel to 
the lines (vy), and by it the condition may be obtained 
for any desired elevation. For instance, at an altitude 
of 7200 metres and a barometric pressure of 305 mm., 
the temperature would be —20° C,, and the amount of 
moisture would be 2 grammes of water vapour per 
kilogramme of air, the other 9 grammes having been 
condensed. The relation of the density at: any point 
to that at the place of starting may be determined 
by drawing lines through the points parallel to (a), 
and noting the place of intersection with the isotherm 
o° C, This occurs at the pressures 330 mm, and 680 
mm. in the present case, so that the densities are as 
33:68. To reduce this to a normal standard of 760 
mm. pressure and o° C., the densities would be as 33 
and 68 to 76. 

The supposition has been made by Hertz that all 
of the condensed water remains in the air in the hail 
stadium, but this would not be a matter of fact in 
most actual cases. If one can, by judgment or a 
more accurate means, determine the amount lost 
from the original amount of moisture by condensation 
and falling out, then the graphical table of Hertz will 

be of use in the actual case as well as in the ideal 
‘case. Suppose, for instance, it has been determined 
that half of the condensed water has fallen out, then 
on reaching the o° C. isotherm there would be only 
85 grammes of water present in a kilogramme of air, 
so that the 85 gramme line must be used instead of 
the II gramme line, and this would be reached at a 
pressure of 466 mm. By changing the initial con- 
ditions, as, for instance, supposing, in the example 
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which has been used to explain Ilertz’s table, the 
relative humidity had been but ro per cent, many 
interesting variations which must occur in nature 
can be traced out. In this case of only 10 per cent, 
relative humidity, but at 750 mm. barometric pressure 
and 27° C. temperature, the total amount of water 
would be but 2:2 grammes per kilogramme of' air, 
and the so-called condensation would take place at a 
pressure of 455 mm. and a temperature of —13°6 C,, 
by which neither rain nor hail would have been 
formed, but there would be a sort of sublimation of 
the water particles from a vapour to a solid sub- 
stance, This very interesting topic cannot be followed 
‘out any farther in the present connection, but enough 
has been said to show the usefulness and future 
possibilities of Hertz’s method. 


§ 5.—Potential Temperature 


In a very important recent memoir! von Helmholtz 
has introduced the term Wérmegehalt, which we may 
translate Aeat-content, and which is defined as the 
absolute temperature which a mass of air assumes 
when it is brought to the normal pressure under the 
adiabatic process. Since, however, it is a temperature 
and not a certain amount of heat which this term is 
intended to express, von Bezold proposes to replace 
the term [Varmegehalt by that of potenticle Tempera- 
zur,and which we may call the potential temperature, 
Von Bezold has applied this idea to some meteorolo- 
gical conditions, and has extended the limitation of 
this original definition to include what he calls 
pseudo-adiabatic changes. And this is a very im- 


* Ueber Atmospharische Bewegungen, Sits. ber d. Berlin, Akad., 1888, 
17 
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portant proviso in, all questions of applying the 
principles of thermodynamics to atmospheric changes, 
for the truly adiabatic condition of change must be the 
exception. As before stated in an ascending current 
of air in which condensation has taken place, a truly 
adiabatic process would occur only when the rain 
does not fall, but is carried along with the current 
until changes in pressure cause re-evaporation to take 
place, and the moisture again exists as a vapour. In 
the case where the raindrops leave the mass of air 





0 
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by descent, as is usually the case in nature, the process 
of change in the condition of the air would then be 
what von Bezold calls pseudo-adiabatic. 

This potential temperature has also been illustrated 
by von Bezold’s graphical method. For a constant 
pressure, the absolute temperature is proportional to 
the volume, or, in von Bezold’s diagram, the abscissa 
OV. 

Von Bezold gives the following rule :— 

“Bor any given condition such as is represented by: 
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az in the diagram (Fig. 80) one can find the corre- 
sponding potential temperature by drawing an 
adiabatic through a and finding its intersecting point 
N’ with the line PJN drawn parallel to the abscissa 
at the distance P, from it. The distance of this point 
of intersection from the ordinate axis, that is, the 
abscissa of the point of intersection furnishes a 
measure for the potential temperature.” 

In the dry stadium the potential temperature 
corresponding to any definite point of departure 
has a constant value, but in the stadia with pre- 
cipitation the potential temperature will increase 
with the amount of precipitation which leaves the air 
mass. 

In the same diagram (Fig. 80) let the adiabatic of 
the dry stadium which passes through « intersect the 
dew-point curve (not shown) at 4, and let further 
expansion of the air take place, then the path de will 
be over the adiabatic (or pseudo-adiabatic) of the rain 
or snow stadium. If, now, it is the object to find the 
potential temperature for the point ¢ (as conveniently 
placed on the diagram), which must be done by 
reduction to the normal pressure by adiabatic process, 
then the path of this adiabatic ed will not be back 
over the course adc, on account of the water which has 
fallen out and has thus been lost to this mass of air; 
and the normal pressure of the dry stadium which 
is reached over the new path of condition cad will 
be one with a less amount of water vapour than 
before. Let the point at which cd reaches the normal 
pressure be N”, and let the line a be produced in 
the reverse direction until it intersects P, at N’; 
then P,N’ is less than P,N”, or, in other words, the 
original potential temperature T’ is less than the final 
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temperatue T”, which belongs to the air mass aftet 
the water has fallen from it. After pointing out this, 
von Bezold proposes the following theorem :— 

"Tn adiabatic changes of condition of moist air, the 
potential temperature remains unchanged as long as 
the dry stadium is not departed from, but it increases 
when condensation occurs, and the degree of increase 
is the greater the more water the air loses.” Briefly 
but more generally stated this theorem reads :— 

“ Adiabatic changes of condition in the free atmo- 
sphere—excluding, however, evaporation—leave the 
potential temperature either unchanged, or else 
increase it.” 

The author of this important theorem calls atten- 
tion to Clausius’ somewhat similar but not identical 
theorem concerning the increase of entropy. This 
comparison will be readily understood by a reference 
to p. 163 of Clerk Maxwell’s Theory of Heat (6th 
edition, 1880), where, after explaining the meaning 
of the term entropy, he says that Clausius remarks 
that “the entropy of the system always tends towards 
a maximum value.” 


§ 6.—Vertical Temperature Gradient. 


While the horizontal air currents are in general 
subject to only slight thermodynamic changes, the 
vertical currents are subject to powerful changes, on 
account of the very rapid expansion of the air which 
takes place in ascending currents, and the rapid com- 
pression in the descending currents. It is true that 
the inclination of the ordinary winds to the horizontal 
is very slight for a free flowing current of air, and in , 
these the change in altitude is gradual; but there 
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ate numcrous causes which give rise to more nearly 
vertical currents in which the change in altitude is so 
rapid, or even almost sudden, that very great thermo- 
dynamic changes must take place within a few 
moments, 

The changes in the amount of heat received or 
given off by radiation by the greater portion of the 
air, are so small as to be negligible, except in cer~ 
tain regions, such as that close to the carth’s surface, 
where the superheating of the ground, and vapour 
dew, and frost-formation affect the changes in the 
air temperature; and also in the fog or clouds where 
the changes due to absorption or emission of heat 
and evaporation readily take place, and especially at 
the upper surface of the clouds. Commonly, then, 
the changes in the air moving in vertical currents may 
be considered as adiabatic, with the exception of such 
regions as have just been noted, And even in these 
regions, as von Bezold points out, the adiabatic con- 
dition is a sort of average between the conditions when 
the absorption or emission of heat is in excess, Still, 
for application, the times when there is a preponder- 
ance of emission of heat must be examined separately 
from those when the amount of heat absorbed is in 
excess, The former, as shown in Fig. 78, can be 
applied to the winter season, the night-time, or the 
cold zone; and the latter to the summer, the day- 
time, or the warm zone of the earth. 

The average or normal condition for the ascending 
and descending air currents is given in Fig. 80. 
There, as before stated, ac represents the whole con- 
dition during the ascent, the portion ad is confined 
to the dry stadium, and de is in the stadium of con- 
densation; and cd represents the condition during 


